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Wind Tunnel Wall Corrections
(AGARD AG-336)

Executive Summary

This report was compiled by an international team of wind tunnel wall correction experts. It presents
the present state of the art in wind tunnel wall corrections with a special emphasis given to the
description of modern wall correction methods based on Computational Fluid Dynamics.

This AGARDograph was planned by the AGARD Fluid Dynamics Panel to be a modern sequel of the
successful AGARDograph 109 “Subsonic Wind Tunnel Wall Corrections”, which was published in
1966. AGARDograph 109 is still valid and continues to be used to provide wall corrections in many
wind tunnels. Nevertheless, in the thirty two years since the publication of AGARDograph 109, much
work has been done on the subject, and the influence of the new tool of numerical fluid dynamics was
so strong, that a sequel to AGARDograph 109 was considered to be necessary.

As the reader will observe, the matter of wind tunnel wall corrections is not completely resolved and
further developments are confidently expected. The wind tunnel will continue to play an important role
as one of the two main tools of airplane aerodynamic development. In the future, new requirements for
wind tunnel testing, new ideas about wind tunnel wall design, new understanding of wind tunnel wall
influence and advanced numerical fluid dynamics codes run on more powerful computers will initiate
new developments in the field of wind tunnel wall corrections.




La correction des effets de paroi en soufflerie
(AGARD AG-336)

Syntheése

Ce rapport a été rédigé par un groupe de spécialistes internationaux en correction des effets de paroi. Il
présente 1’état actuel des connaissances dans le domaine de la correction des effets de paroi de
soufflerie, et accorde une importance particulicre a la description des méthodes modernes de correction
des effets de paroi basées sur 1’aérodynamique numérique.

Cette AGARDographie a été concue par le Panel AGARD de la dynamique des fluides comme la suite
actualisée de I’AGARDographie 109 sur “La correction des effets de paroi en soufflerie subsonique”
qui a regu un accueil trés favorable lors de sa publication en 1966. L’ AGARDographie 109 reste
valable et continue d’étre utilisée pour le calcul de la correction des effets de paroi par bon nombre
d’aérodynamiciens. Néanmois, beaucoup d’efforts ont été consacrés a ce sujet depuis la parution de
I’AGARDographie 109 il y a trente deux ans, et I’'influence du nouvel outil de la dynamique des fluides
numérique a été si marquée qu’il était considéré nécessaire de fournir une suite a cette publication.

Il est évident que la question de la correction des effets de paroi n’est pas totalement résolue encore et il
y a tout lieu de croire que d’autres développements suivront. Les souffleries continueront de jouer un
role important comme 1’un des deux principaux outils du développement de 1’aérodynamique
aéronautique. A I’avenir, de nouveaux développements dans le domaine de la correction des effets de
paroi verront le jour sous 'impulsion de nouvelles exigences en matieére d’essais en soufflerie, de
nouveaux concepts de fabrication des parois, d’une meilleure compréhension de I’influence des parois
et de nouveaux codes avancées de dynamique des fluides numérique, exploités sur des ordinateurs plus
puissants.
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INTRODUCTION

In October 1966 the AGARD Fluid Dynamics Panel published the AGARDograph 109 on the subject of
“WIND TUNNEL WALL CORRECTIONS”. This comprehensive compilation of knowledge of wall corrections
available at that time was edited by J. Garner (National Physical Laboratory, England) with contributions
from E.W.E. Rogers, W.E.A. Acum also of NPL and E.C. Maskell (Royal Aircraft Establishment,
England). Without doubt this AGARDograph 109 has been one of the most successful publications of
AGARD and is still today the wind tunne!l engineers most authoritative source of wall correction methods
and data.

The wall correction methods outlined in AGARDograph 109 are based on subsonic linear and inviscid
aerodynamics. In most cases the wall effects are correlated with the measured total aerodynamic forces
and simple image methods are used to calculate and correct for the wall effects. Most of these theories
were published before 1950 and some appeared as early as the 1920’s.

By the time of AGARDograph 109 the computer had not had a significant impact on the calculation of wall
interference corrections. Computers had begun to be used for reducing raw wind tunnel data to
dimensionless coefficients and for applying simple wall corrections. However, the wall correction methods
themselves had not been influenced to any degree by advances in computer technology.

Typical wind tunnel engineers are normally experimentally-minded people who are not really enthusiastic
about computational fluid dynamics. A consequence of this is that the adoption of computational methods
in practical wall correction schemes has been slow. Routine correction methods, such as those
formulated by pioneers such as Prandtl, Glauert, Durand, Goethert, Riegels and Maskell have remained
in use even in large high quality wind tunnels in the thirty years since these and other methods were
described in AGARDograph 109. Nevertheless, during this period of large amount of theoretical and
experimental studies of wind tunnel wall interference were done and these developments have been -
influenced by the rapid improvements that have been made in computing speed and power. Computer
based methods that have been developed include :

1) Panel Methods

These methods have made it possible to represent more accurately than linearised theory methods
subcritical flows over complex model configurations in the constraining presence of the tunnel walls.
Panel methods have also permitted wind tunnels with working sections of relatively small and/or non-
standard cross sections (not amenable to treatment by classical image methods) to be modelled. These
methods require considerable computing power and for this reason have not yet found wide favour with
the wind tunnel testing community. Further discussions of methods of this type will be found in Chapters
2 and 3.

2) Boundary-measurement methods

These methods were developed to exploit information available from measurements of the flow at or near
the tunnel walls. The general technique is not entirely new, as can be seen in AGARDograph 109, where
reference is made to the use of wall pressure measurements to determine the blockage correction in
solid-wall wind tunnels. The serious application of these techniques became possible by the development
of computers during the '60s and '70s which enabled wall interference velocities to be computed from a
large number of flow measurements. Methods of this type can be used to aid the modelling of the flow in
the near region of the model for solid wall wind tunnels, for which the wall corrections are critically
dependent on the model representation. For perforated or slotted wall wind tunnels, they can be used to
provide information on the wall boundary conditions where suitable model representation is available.




Finally, where both normal and streamwise velocity components are measured at the bounding surface,
no model representation is needed. These methods and examples of their application are described in
Chapter 4.

3) Computational Fluid Dynamic (CFD) methods

The current generation of boundary-measurement methods is based on the assumption that the wall-
induced flow field satisfies the Prandtl-Glauert equation. However, for many types of transonic flows,
particularly those for which the supercritical flow reaches the walls , this assumption is no longer valid.
Recognition of this problem led to the use of CFD methods able to model transonic flows and these
methods are discussed in Chapter 5.

The increased use of computational methods have arisen from a number of factors including :

1. the growing need for accuracy in wind tunnel testing mainly for commercial transport aircraft
development.

2. the recognition that the ability to test at flight Reynolds Numbers in cryogenic wind tunnels, such as
the National Transonic Facility at NASA, Langley Research Centre and the European Transonic Wind
Tunnel at Cologne, is only valuable if the wall interference corrections can be estimated with sufficient
accuracy.

3. the need to perform accurate wind tunnel assessment of CFD methods.

Several times in the past the complete breakthrough of Computational Fluid Dynamics was predicted with
the automatic consequence, that the wind tunnel as a scientific tool in fluid dynamics will be obsolete. In
this case, further work on wind tunne! wall corrections would be unnecessary.

Today most scientists and engineers working in the field of aerodynamic aeroplane development agree,
that the mystery of turbulence guarantees a long life of wind tunnels as an indispensable too! in fiuid
dynamics. Neither the wind tunnel nor computational methods are able to create progress in aeroplane
aerodynamics on their own. Only an intelligent combination of both tools enable the aerodynamicist to
create a successful new aerodynamic design.

With these developments in mind the editor on the occasion of the Fluid Dynamics Panel Meeting at
Turin in May 1992 proposed that a hew AGARDograph on the subject of wind tunnel wall corrections
should be produced not to supercede AGARDograph 109 but to complement it. This proposal was
approved by AGARD, and during the Fluid Dynamics Symposium in October 1993 at Brussels on the
subject of “Wall Interference, Support Interference and Flow Field Measurement” a small group of
specialists met for a preliminary discussion. From this group an international team of authors was formed.
The aim was to produce an AGARDograph which provides the wind tunnel engineer with a
comprehensive review of modern methods, mainly reflecting the new developments in wind tunne! wall
corrections since AGARDograph 109.

During the work leading to the AGARDograph 336 there was some controversy over the issue as how to
correct data for buoyancy or pressure gradient effects. Chapter 1.2 presents a method due to Tayilor.
.Effectively this method ignores the influence of the wind tunnel walls on the development of the boundary
fayer on the model and it yields the correction to drag coefficient

0C, =—Cpe

for low speed flow. For thin-wake flows Taylor has argued that the wake blockage component may be
ignored so that the equation above may be replaced by :

0C, =—Cpey
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where suffix S refers to solid blockage. This is in agreement with the classical result for low-speed flow
given in AGARDograph 109.

Chapter 6 describes a method recently developed by Hackett [1], which gives a correction to drag
coefficient

0C, =—Cpe,,

where suffix w refers to wake blockage. Hackett's method, like Taylor's method, is based on concepts
valid for inviscid flow, although both can make use of information provided by wall pressures which sense
the behaviour of the real flow. Hackett's method has been shown to be more accurate than the classical
method or Taylors method for high blockage, high lift flows. However, neither method has been validated
for flows in which viscous effects are significant but not severe enough to cause wholesale separation.
Flows of this sort are of particular importance in aeronautical applications. The question of what needs to
be done to resolve this issue is dealt with under the heading of “Future necessary work in Wall
Corrections” by Steinle in Chapter 12. For more details on this wake drag controversy see also the
detailed discussion between J.E. Hackett and several other authors of this AGARDograph in [2].

References

[1] Hackett, J.E., “Tunnel-Induced Gradients and their Effect on Drag”, AIAA Journal, Vol. 34, No.
12, 1996, pp. 2575-2581.

[2] Discussion on [1] by J.E. Hackett, P.R. Ashill, C.R. Taylor, Kevin R. Cooper and M. Mokry, AIAA
Journal, Vol. 36, No. 2, February 1998.
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1. STATUS OF WIND TUNNEL WALL CORRECTION METHODS
1.1 THE FUNDAMENTAL ASSUMPTION

In general, the aim of wind-tunnel tests is to make measurements of aerodynamic quantities under strictly
controlled and defined conditions in such a way that, despite the presence of the tunnel walls, the data
can be applied to unconstrained flow. The existence of a free-air flow which is “equivalent” to that in the
tunnel is the fundamental assumption underlying the entire framework of the theory and practice of wind-
tunnel wall constraint.

A rigorous definition of equivalence is complicated by the fact that wall interference varies over the model
and its wake. If the wall interference were uniform, the equivalent free-air conditions could be defined
quite simply as the values of Mach number, incidence and sideslip which, in free air, at the same total
pressure and temperature, would give the same forces and moments as those measured in the tunnel.

The existence of spatial variations in the wall-induced velocities means that this equivalence cannot be
obtained precisely and some corrections for these variations are needed. The standard approach
adopted for tests of aircraft models, described below, is to correct the tunnel Mach number to the
equivalent free-air value, and hence obtain the equivalent static and dynamic pressures. If these are
used to obtain lift and sideforce coefficients, no further correction is needed, but the angles of incidence
and sideslip do need correction. These corrections to Mach number and angles are referred to as
“Primary Corrections”. The residual variations in the wall-interference velocities can be interpreted as
wall-induced distortions of the model and its wake and it is customary to make corrections for these, as
discussed in Section 1.3. In most cases these corrections must be based on linearised theory of inviscid
flow, as indeed are the corrections to the parameters defining the equivalent free-air flow.

Of course there are errors and uncertainties in the application of these corrections but, if these can be
shown to be smaller than the required accuracy, the measured data are, by definition, correctable and
the equivalent free-air principle is valid. If not, the data are correctable only to the accuracy determined
by the uncertainty in the corrections and, if this is unacceptable, the data must be classified as
uncorrectable, though not necessarily without value. The uncertainties in the corrections may be due to
approximations in the correction formulae or to factors such as viscous-inviscid interactions in the flows
over the mode! and at the tunnel walls, large model wakes or localised regions of transonic/supersonic
flows, and, in general, they are difficult to quantify. The subject of correctability has been addressed by
Kemp [12] who outlined a procedure for categorising the wall interference for each test data point and
showed how, in principle, the tunnel geometry might be changed to enable correctable data to be
obtained for a range of tests which might otherwise be classified as uncorrectable.

In practice, the issue is usually determined empirically by comparisons with nominally interference-free
data, perhaps deduced from tests on models of different sizes or, more satisfactorily, by comparison with
results of carefully-controlled experiments in adaptive-wall wind tunnels (Lewis and Goodyer [13], [14]
and Ashill, Goodyer and Lewis [3]). Sometimes this can lead to the use of methods of wall correction that
are at variance with the classical method outlined above (see, for example, Chapter 6 and Chapter 7) but
the classical approach is the most commonly used for aircraft testing, particularly at cruise conditions,
where experience suggests that it is valid.

A further element in the process of ensuring accuracy and consistency in the reduction of tunnel
measurements to equivalent free-air values is the compatibility between the tunnel calibration and the
correction procedure and this is addressed in Section 1.2.
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1.2 TUNNEL CALIBRATION AND BOOK-KEEPING OF CORRECTIONS.

Expressed in the most general terms the tunnel calibration establishes quantitative relationships between
the flow conditions in the tunnel working section and reference measurements, made at positions in the
tunnel which are sufficiently remote from the test volume for them to be unaffected by the presence of
the model . The flow conditions of primary interest are wind speed and direction and variations of these
quantities over the space normally occupied by a model. Temperature profiles may also be measured.

The reference measurements which relate to wind speed are usually total and static pressure, together
_ with total temperature and, although in principle, the calibration of the test section might be made using
non-intrusive anemometry, it is normal practice to use a static-pressure probe and pressure-sensing
yawmeters. Hence the calibration, which is intended to provide 'tunnel-empty' data as a reference base
for corrections which allow for the constraining effects of the walls, may not do so unless account is taken
of the presence of the probe in the application of constraint corrections.

One of two methods must be adopted:

a) the calibration data is corrected to a truly
empty tunnel, or

b) the calibration data is not corrected for
the wall-induced effects of the probe but,
for wall constraint analysis, the flow
displacement of the model and its sting
support is reduced by that of the
calibration probe.

a) Model on sting support With the first approach (method A, Figure 1.1)
the "model" must include the sting, termi-
nated at an appropriate point upstream of

/] the quadrant (Figure 1.1b), and the

T o Lt o =3~ calibration data must be corrected to a

' tunnel configuration which is consistent with

this. This means that the measurements of

b) Definition of model pressure on the probe should be corrected

Figure 1.1 Method A for the blockage of the probe, including its

closure upstream of the quadrant (as

shown for the model in Figure 1.1b) as well as for the direct effects of the nose and flare of the probe (i.e.

their influence in unconstrained flow). If the method of constraint correction to be used is based on

measurements of pressure changes at the tunnel walls, the wall pressure tappings must be included in

the calibration and the datum measurements at these points should also be corrected for the direct and
wall-induced effects of the probe.

This method, which is more suited to closed-wall tunnels, for which the corrections are easy to compute
with the required accuracy, was adopted for the DRA 8x8 tunnel, and has been reported fully by Isaacs
[11].

" This restriction does not apply to certain types of boundary-measurement methods which are ‘autocorrective’
in character. See Chapters 4.1 and 4.3.
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If the second approach (method B, Figure 1.2) is adopted, the working section with the probe in place is
defined as the empty tunnel (Figure 1.2b). When classical methods are used to calculate the model
blockage, the appropriate source distribution should be that for the difference between the displacement
flows of the model and the calibration probe, as shown in Figure 1.2c. This is also the case for methods
of the one-variable type (see Section 4.1.1). The accurate use of a two-variable method (also defined in
Section 4.1.1) will give the correct "model" displacement automatically, however this requires
measurements of the differences in both streamwise velocity (or static pressure) and normal velocity at
the boundary of the control surface.

ldeally, with method B, the downstream end
of the calibration probe should have the same
shape as the sting support for models, so that
its displacement flow there is close to that for
a sting-mounted model (the difference being
that due to wake displacement). This limits
the length of a "model" and, for ventilated
tunnels, ensures that its displacement flow at
the walls is mainly in that part of the working
section which is likely to be unaffected by the
re-entrant flows from the plenum at the down-
stream end of the working section (e.g. at the
re-entry flaps of slotted walls).

b) Empty tunnel

Model representation

Figures 1.1 & 1.2 illustrate the case of sting- EQUALS

mounted models but similar arguments apply

when the model is supported on struts i.e. /7
either the struts can be taken as part of the ' Y
model and the tunnel is calibrated empty or

the tunnel is calibrated with the struts in place. MINUS

Since the balance does not measure the —__
loads on the struts the second approach is

probably better but the correct choice may be c¢) Definition of model
influenced by the method used to account for
strut interference. If this is determined Figure 1.2 Method B

experimentally, consistency must be maintained in the application of constraint corrections, both with the
tunnel calibration and the basic test case. The same is true for tests to measure the support interference
on sting-mounted models where particular care must be taken to avoid “double accounting” of wall
interference associated with the sting.

If method B is adopted, tests of wall-mounted models would require a separate tunnel calibration. For
this, either method could be used but, for method B, the probe would need to be wall-mounted from the
same position as the model.
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1.3 PRIMARY CORRECTIONS AND RESIDUAL VARIATIONS.

1.3.1 BaAsic CONCEPTS.

Wall interference is never uniform and the variations over the model and its wake are often significant.
There is therefore a choice to be made as to which values of the interference velocities should be used
for making corrections. It is here that the concept of primary corrections and residual variations is applied
and, as mentioned in Section 1.1, the primary corrections relate the tunnel test parameters to those of an
equivalent free air flow.

During wind-tunnel experiments those test parameters which define the test conditions can be regarded
as "primary"; basically these are total pressure and temperature, static pressure, together with model
incidence and sideslip. These are the parameters to which primary corrections may be applied (normally
no correction is needed for total pressure and temperature).

In most model tests the data reduction is made "on-line", using computerised systems. The usual
procedure is to correct the measured tunnel reference static pressure to the equivalent free-stream static
pressure. This entails using the tunnel calibration to obtain the appropriate "empty-tunnel" condition (as
- explained in section 1.2) and then to apply the correction for model blockage. The corrected tunnel static
is then used to derive corrected Mach number (or velocity) and dynamic pressure, and these are used to
compute values of force and moment coefficients. If the primary corrections are based on the proper
choice of interference velocities no correction is needed to the measured, balance-axis, force-
coefficients, which can then be used to compute the corrected angles of incidence and sideslip. These
define the orientation of the free-stream flow vector and hence the directions in which the balance-axis
forces should be resolved to obtain aerodynamic-axes forces.

The "residual variations" are the deviations from the freestream fiow that is defined by the corrected
primary test parameters. They can be thought of as wall-induced distortions of the model and its wake,
and correcting the measurements for these distortions can present difficulties, particularly if the main
interest is in the pressure distribution.

However, in tests of aircraft models, for which the forces and moments are determined by the Kutta
condition at sharp trailing edges, corrections can be made for the effects of the variations of axial velocity
and upwash on the measured forces and moments, see section 1.3.2. The difference between the wall-
induced upwash at the tailplane and that at the wing is best treated as a change in tail setting. '

When tests of models with wings of high aspect ratio are made at high tunnel pressure the aeroelastic
distortion of the wing needs to be added to the wall-induced upwash in the determination of both the
incidence correction and the residual variation. In cases where allowance has been made for aeroelastic
distortion and upwash variation in the design of the model, so that the wing has a datum "effective"
shape at a particular test condition, the corrections to incidence, and for residual variations, need to take
account of this offset and its variation with tunnel pressure.

Although the bases for the incidence, moment and drag corrections can be derived rigorously for small
perturbations in inviscid flow, as shown by Taylor [19], it must be realised that, in cases for which the
effects of boundary and shear layers are dominant, this is only a first approximation and, in principle, the
uncertainty in these corrections may be a factor in determining the accuracy of the test data. Also, in
tests at high subsonic speeds, the residual variation in the streamwise velocity, for which no practicable
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method of correction is known, may be a major cause for concern and this, along with the upwash
variation, could limit the size of model which should be tested.

The maximum flow deviations that can be accepted will vary with the test objectives but Steinle and
Stanewsky [20] have quantified a number of criteria for tests of aircraft-like models aspiring to the
standards of high accuracy then current and, although these were formulated for "empty-tunnel” flows, it
is logical to apply them to wall-induced variations also. As regards axial velocity, they proposed that the
maximum allowable variation over the length of the model (streamwise gradient) should not exceed
0.06% of free-stream but in a later paper Bouis [7] suggested that, for subsonic testing, the maximum
peak-to-peak variation in Mach number should be 0.001.

In this context it should be noted that Ashill,

Taylor and Simmons [4] have shown that in Inviscid theory Viscous theory
closed-wall tunnels the effect of the model flow
field on the wall boundary layers reduces both Mc = 0.90

Residual variations in

the blockage correction and the residual blockage increment
streamwise velocity variation. This effect, which in Mg x 103

is greater at the higher subsonic Mach numbers, 0 __li'g O
is illustrated in Figure 1.3 (taken from that paper). /——‘_'g-g "222\
This shows the residual variations in Mach x/B T 8o 4.0

number, relative to the correction applied at point 60 7 3.0

-2.0—

‘A", for a wing-body model of a transport aircraft — . Lo
when tested in the 8ft closed-wall tunnel at DRA  -0.5 )

Bedford at a Mach number of 0.90. The contours b <
obtained from calculations which include an [ 0
e}

-1.0
allowance for the effect on the boundary layers :___,‘_:g__p_ 50— ;o
————’_—-———-- h -— L.

on the tunnel walls of the wall pressure F 505 -5.01 -3.0 — ]
i 9780 4.0 ~——m]

9.0 -5.0
lncremgnts duel to thg presence o'f the model are P = 00 50 i
shown in the right side of the Figure; those on -l2.0 -7.0

the left are for inviscid flow at the walls. [t can be
seen that, at this high subsonic Mach number,
the effect of the wall boundary layers is sufficient
to reduce the residual variation over the wing
from a value above Bouis' criterion to one which ~ -1.5 d L L L

. . . -0.4 -0.2 0 0.2 y/B0.4
meets it. Although not specifically mentioned by
Ashill et al, their calculations also showed that Figure 1.3 Contours of constant residual blockage
the thickening of the wall boundary layer, due to in.crement in Mach Number for transport
the presence of the model, was not sufficient to aircraft model in DRA 8t x 8ft Tunnel
give a significant axial pressure gradient. On the other hand, Hackett (1996) pointed out that gradient
effects due to the growth of the wall boundary layers associated with large blockage models in low-speed
tests are significant.

It can be expected that, in closed-wall tunnels, the interaction between the model flow field and the wall
boundary layers will also reduce the variation in wall-induced upwash. This follows from the work of
Adcock and Barnwell [1], who showed that the effects of the wall boundary layers are approximately the
same as those of slotted walls. They derived a parameter defining the effective open-area ratio in terms
of the thickness and shape parameter of the wall boundary-layer in the empty tunnel and, using the
computational approach of Pindzola and Lo [16], gave charts showing the effects of the wall boundary
layer on the interference parameters for small models. From these it can be inferred that, in tests of
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conventionally-sized models, the effect of wall boundary layers on the incidence correction at the model
centre of pressure is likely to be negligible but that on the induced camber might be significant.

The calculation of primary corrections and residual variations can only be made when the boundary
condition on the flow at the wall is formulated mathematically with sufficient accuracy. The calculations
can be based on: a representation of the model (as in classical theory), measurements of pressures at
the walls (see section 4) or on a combination of the two, although only the first and last of these may be
suitable for "on-line" use.

For solid-wall wind tunnels, the wall boundary condition is well-defined and calculations can be made of
wall-induced velocities using model representation methods (subject to allowance for wall boundary
layers where necessary). Suitable methods are described in AGARDograph 109 and more recently
Freestone of the Engineering Sciences Data Unit [8] has provided charts to allow calculations to be made
of wall-induced upwash in solid-wall wind tunnels.

In ventilated tunnels, for which there is generally some uncertainty regarding the wall boundary condition,
the primary corrections and residual variations cannot be calculated easily or accurately. Moreover the
fact that a ventilated tunnel has low wall-interference (in the sense that the primary corrections are small)
does not guarantee that this is also true for the residual variations. This is because all forms of ventilation
have viscous losses at the wall and hence, to some degree, are like perforated walls, for which the
interference velocities have significant gradients at the model. However the required data can sometimes
be obtained experimentally, e.g. from careful comparison of test results with those for closed walls and,
when obtained in this way, may be extrapolated to similar model configurations.

1.3.2 CORRECTIONS APPROPRIATE TO SPATIALLY-VARYING INTERFERENCE FLOWS.

AGARDograph 109 covers this topic and gives a number of formulae for aircraft-like models, in some
cases offering a number of alternatives. Those for the corrections to angles and moments are based on
the extrapolation of two-dimensional relationships and so, for wings of finite aspect ratio, are only
approximate. Recently Taylor [19] has reviewed the subject and given formulae which, within the usual
assumptions of the theory for small perturbations in subsonic inviscid flow, are exact. These cover the
primary correction to incidence, and sideslip and the corrections for the residual variations. His results are
given here, without proof, together with any restrictions on their validity which arise from flow conditions
at the walls of the working section.

The corrections to incidence and pitching moment are derived from the application of a reverse-flow
theorem. For two-dimensional flow, they have been investigated by Lewis and Goodyer [13], [14] and
Ashill, Goodyer and Lewis [3], using an adaptive-wall tunnel. Their experiments covered a range of model
incidence and Mach number, including cases where there were regions of supercritical flow on the upper
surface of the airfoil and, in all instances, the data confirmed the validity of the linear-theory corrections.
This suggests that the existence of supercritical flow on the upper surfaces of wings of finite span does
not invalidate the results obtained from the theorem and hence they should be accurate for most tests of
models at subsonic speeds.




1.3.2.1 PRIMARY CORRECTIONS.

The correction to incidence, at constant lift coefficient, is given by:
. .
oo, = ———————— _U (Dw(x, y)dxdy,
S(dC, / du)
where ¢(1) is the non-dimensional loading in reverse flow due to unit incidence and Uw(x,y) is the wall-
induced upwash. In tests at high dynamic pressure there may be significant aeroelastic distortion of the
wing, in which case this should be added to the wall-induced upwash.

In cases where the spanwise variation of the effective upwash is negligible and the chordwise variation is
linear, the correction reduces to the simple expression:

da = w(x)

where x is the chordwise location of the aerodynamic centre in reverse flow. Hence for wings of infinite
span, with a linear variation of upwash, the effective incidence is that at the 3/4 chord point, as originally
suggested by Pistolesi [17], and, for slender wings with straight trailing edges, and attached flow at the
leading edges, it is that at the trailing edge, as shown by Berndt [6].

Analogous expressions apply for the correction to angle of sideslip. In most cases there is little variation
of sidewash over the tail fin and the correction to angle of sideslip, at constant sideforce, is then:

88 = v(x)

where v( x ) is the wall-induced sidewash at the position of the aerodynamic centre of the fin.

It is less clear which value of the velocity increment due to blockage should be used to correct the static
pressure. Theory gives no guidance for most cases of practical interest and, intuitively, the best value is
that which gives the least variation in blockage velocity over the most sensitive region of the flow. For
aircraft models in tests at high subsonic speeds this is likely to be at the start of the recompression on the
upper surface of the wing, but in cases for which the flow is dominated by a region of separation it is
more likely to be that at the separation locus. There is some evidence (Ashill and Keating, [2] and Rueger
and Crites, [18]) that the appropriate position for bluff-body flows with separation bubbles is where the
blockage is a maximum.

1.3.2.2 Corrections for residual variations.

The corrections for residual variations include that for the variation of wall-induced streamwise velocity on
profile drag and those for variations in wall-induced upwash (and aeroelastic distortion) on the lift-
dependent drag and on the pitching and rolling moments of the wing. As noted above, the residual
variation in sidewash over the fin is usually negligible and the effect of an axial variation in sidewash on
the contribution of the body to the yawing moment, if significant, should be estimated by a method which
allows for the effect of the boundary layer on the flow over the afterbody.

a) Wall-induced pressure-gradient drag

Wall-induced pressure gradients affect drag in two ways:

o first, in an ‘inviscid’ way, that is without altering the development of the boundary layers and wake just
downstream of the model (i.e. about 10 wake thicknesses), and




* second, in a viscous manner through changes in the development of the boundary layer on the model
and of the wake near the model, resulting in changes in skin friction and boundary-layer form (or
normal pressure) drag.

Classically, the second of these mechanisms is ignored. Thus, for slender, compact bodies typical of
aircraft configurations (for which the virtual volume due to the effective acceleration of the flow may be
ignored compared with the actual volume of the model), the contribution of the correction to normal
pressure drag is written as:

8D =Vdp / dx 1.1)
where V is mode! volume and dp/dx is the streamwise pressure gradient due to wall interference.

The pressure-gradient term in equation (1.1) could be determined using boundary-measurement
methods such as those reviewed in Chapter 4. if such methods are not available one could resort to
classical methods as described in AGARDograph 109 and reviewed further in Chapter 2 . Using the
latter approach, with the model represented by a doublet and the wake by a point source, Rogers in
Chapter 5 of AGARDograph 109, showed that the correction to drag coefficient due to wall-induced
pressure gradient in solid-wall wind tunnels may be written as:

8Cp = (1 + 04M*)Cpes, (12)

where Cp, is the drag coefficient excluding the contribution of the trailing-vortex drag and ¢ is the non-
dimensional increment in wall-induced streamwise velocity due to solid blockage. This correction is often
referred to as the wake buoyancy correction, since it can be interpreted as resulting from the wall-
induced pressure gradient due to wake blockage. Note that, while this result is based on the neglect of
the second (viscous) effect mentioned above, the effect of viscosity enters the final expression (1.2)
through the drag coefficient.

Taylor [19] considered the flow in wind tunnels with solid walls, idealised slotted walls and open jets.
Using a different approach to Rogers, he applied the conservation equations (mass, momentum and
energy) to the inviscid flow outside the displacement surface of the model and its shear layers. Ignoring
the second (viscous) effect above and neglecting second order terms in the energy equation he obtained
the result:

8D = (p. — pA, (1.3)

where p is static pressure, suffix c refers to the (primary) correction at the model reference position and
suffix 1 to conditions far downstream of the model. A is the displacement area of the wake far
downstream. Taylor noted that, for models with ‘thin’ wakes, the change in static pressure along the
working section is small in magnitude compared with the blockage correction to pressure ép = p. -py,
where suffix 0 refers to conditions far upstream of the model. Therefore he replaced equation (1.3) with

8D = 8pA. (1.4)
In tests of models with simulated engine flows, for which the definition of drag includes pre-entry and post
exit components, the correction takes the form:

3D = 8p(84 + A),

" Results for wall-induced pressure gradients in perforated-wall wind tunnels of square cross section as a function of wall
porosity can be found from graphs of ‘wake blockage factor ratio’ in the paper by Pindzola and Lo [16]. See also Chapter 3.
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where 8A is the change in cross-sectional area of the “engine flow” streamtube between stations far
upstream and far downstream.

In the absence of powered engine-flow simulation 8A = 0 and
~Lasoar?ysc 15

where Cp is the drag coefficient excluding the contribution of the trailing-vortex drag. Thus combining
equations (1.4) and (1.5) and noting that, to the order of approximation of linear theory,

dp = —pOUozs.
it follows that
5Cp = —(1 + 04M>)Cpe. (1.6)

Except for high-drag models the contribution of wake blockage to the term & in equation (1.6) may be
ignored to give

5Cp = —-(1+04M*)Cpeg
which is in agreement with the expression given by Rogers (equation (1.2)).

As observed by Taylor [19], methods for determining the corrections to drag using mass momentum and
energy balance between far upstream and downstream, such as that of Taylor, and those given below for
lift-dependent drag are only valid in tunnels for which:

a) the velocity perturbations at the walls, due to the model, do not induce a change in the drag of the
walls which is comparable with the required data accuracy and

b) the tunnel working section is long enough for the perturbation pressures due to model lift and
sideforce to be negligible at its ends.

The first condition excludes tunnels with perforated walls and for these there is no simple expression for
the correction to profile drag which includes the effect of wall constraint on the wake. In this case, the
only solution is to fall back on expressions such as equation (1.1).

Hackett [9] has questioned the validity of the classical model for solid-wall wind tunnels described in
AGARDograph 109. He argued that the influence on the drag of the wake source (and its associated
images) of the source/sink distribution representing the model is cancelled identically by the influence of
the source/sink distribution (and its images) on the drag of the wake source. This leads to the result that
the correction to drag for incompressible flow is:

SCD = —CDSW (17)

where suffix w refers to the wake component of blockage. Further details of this kinematic approach may
be found in Chapter 6.

Experience with tests on bluff models and models at high lift suggests that Hackett's flow model is
preferable to the classical flow model. Recently, Mokry [15] has derived equation (1.6) from momentum
considerations. However, he pointed out that the kinematic approach only allows for one of the effects of
the walls on the wake streamwise momentum (due to the difference in streamwise velocity between the
flow far upstream of the model and that far downstream outside of the wake) and does not include the
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buoyancy effect. The latter would be expected to dominate for attached flows, whereas the evidence of
Hackett's studies is that the volume-dependent buoyancy drag is much less important than the correction
given by equation (1.6) for bluff models or high-lift models. Ashill and Taylor [5] have shown how it is
possible to reconcile Mokry’s analysis with the classical formula by allowing for the effect of the walls on
the pressure drag of the displacement surface of the model and its shear layers. Hackett [10] has
reiterated the reasons for preferring his result.

All these methods rely on inviscid models of the flow in that they do not allow explicitly for the effect on
the development of the shear layers on and downstream of the model of the second (viscous) effect
described above. This assumption appears justified for models with thin shear layers and attached flows.
However, for flows on the point of separation or with regions of separation, the walls may influence the
development of the model boundary layers and its wake. Thus consideration needs to be given to the
theoretical simulation of real viscous flows in the wind tunnel or systematic wind-tunnel studies of the
effect of tunnel walls on the model drag for there to be a complete understanding of this problem.

b) Lift-dependent drag

With these reservations, the correction to lift-dependent drag is determined by the change in the flow at
the vortex sheet far downstream of the model, taking into account changes in the loading due to wall-
induced upwash (and if necessary aeroelastic distortion of the wing). In general, the correction at zero lift
can be ignored and then the correction to drag, at constant lift coefficient, becomes:

8Cp = CF JTOIRG) - TR}y

where I'(y) is the normalised spanwise loading on the wing due to unit lift coefficient and p(y) is half the
downwash induced by the infinite vortex sheet having the same spanwise distribution of vorticity as the
wing at unit lift coefficient. The dashed symbols denote in-tunnel values. Here the functions p and p’ can
be regarded as spanwise weighting factors for induced drag.

If the spanwise loading is close to elliptic, and the span of the mode! (and the aeroelastic distortion) are
not excessive, the effects of the change in loading will be small and the change in the weighting factor
will be constant across the span. The drag correction is then given by Glauert's formula, i.e. 5Cp = 8uC.?,
where 8y is simply the wall-induced downwash at infinity downstream.

Strictly this correction is a force directed along the tunnel axis, not along the corrected free-stream axis,
but usually this distinction can be ignored and then the correction should be added to the drag force
obtained by resolving balance-axis forces onto the corrected free-stream axis.

The difference between the correction given above and that obtained by simply multiplying the lift by the
incidence correction, is due to the thrust force at the wing leading edge. As this force only occurs in fully-
attached flow it might be expected that, when there is significant flow separation at the leading edge, the
drag correction will be closer to the product of the lift force and the induced upwash at the model. This is
obviously the case when the measured drag varies roughly as the product of lift and incidence, as for
slender wings with sharp leading edges. When, as is often the case, the mode! is long compared with the
height of the working section, there may be a significant wall-induced camber at high lift and since theory
gives no guidance on the value of the upwash to use in either the incidence or drag correction, there
must be a degree of uncertainty in the correct values for these.




c) Pitching moment and yawing moment

The correction to pitching moment at constant lift, which again is derived using a reverse-flow theorem, is :
3Cy = (1) $)[[ m(x1)w(x, y)dsdy,

where m(x4) is the loading in reverse flow due to a linearly-varying upwash U(x-x1), X, is the chordwise
location of the moment reference axis and dw(x,y) is the residual variation of wall-induced upwash
(including model aeroelastic distortion).

When the spanwise variation of the residual variation is negligible and the chordwise gradient is linear, -
the correction becomes:

8Cm = —ACpyg

where Cp,q is the non-dimensional pitching moment derivative for (nose-up) rotation, about the spanwise
axis passing through the aerodynamic centre in reverse flow and % =" ¢ dw/dx, with upwash Uw(x).

As mentioned above, the difference between the wall-induced upwash at the tailplane and the correction
to incidence is best treated as a change in tail setting.

The correction to the rolling moment of a yawed wing is analogous to that for pitching moment i.e.:
8Cy = ~(1/ S)[[ €(x, yyw(x, y)dsdy,

where #(x,y) is the loading in reverse flow due to unit rate of roll and w(x,y) is the wall-induced upwash.
In using this equation care needs to be taken that the correction has the correct sign.

When yaw is obtained by a combination of pitch and roll, as may be the case with sting-mounted models,
the "upwash" terms in the corrections to incidence, pitching moment and rolling moment must be
interpreted as the component of wall-induced velocity normal to the plane of the wing. A similar
interpretation also needs to be made for "sidewash” in the correction to angle of yaw. In these cases
there may be an additional component to the correction to rolling moment, to account for the change in
load on the fin.
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1.4 CHoicE oF CORRECTION METHOD
(A. Krynytzky & J. Hackett)

“Naturally the precision of calculated interference parameters is far greater than that of any experimental
verification of the underlying theory.” H. C. Garner, AGARDograph 109

Wall interference prediction, correction and, in some cases, minimisation for a given model and test
environment are the objectives of any correction method. Section 1.3 has shown it is both useful and
revealing to describe wall interference in terms of primary corrections and residual interference variations.
The calculation of primary corrections for a spatially varying interference field (for subsonic inviscid flow)
has been discussed, as well as a method for handling residual variations. The main outputs of any wall
interference method are thus the primary corrections to freestream velocity (direction and magnitude).
However, for large models and for Mach numbers in the high subsonic range, residual interference
should be quantified as well. In the adaptive wall case for which the interference goal is zero by
definition, residual interference is an appropriate measure of the quality of the adaptation. Intermediate
outputs of an adaptive wall method are the wall settings to achieve minimum interference. Wind tunnel
model data, corrected for the influence of the walls to equivalent free air conditions, represent the
ultimate output of the application of a wall correction method.

The correctability of wind tunnel data to equivalent interference-free conditions may be rigorously
evaluated by consideration of interference gradients for linear potential flows or by comparison of in-
tunnel to unconstrained-stream flow solutions at corrected flow conditions (virtually mandatory for non-
linear flows). Poor correspondence of results of the latter calculations implies a breakdown of the
usefulness of wind tunnel test results: there is no interference-free flight condition that corresponds to the
wind tunnel flow field in the vicinity of the model. This may occur if interference variations are great
enough that simple corrections based on linear theory do not capture the actual integrated interference
on the model. The difference in the flow field (in-tunnel to interference-free at nominal corrected
conditions corresponding to the tunnel flow) may be due to strictly inviscid loading changes or, more
insidiously, fundamental changes in the nature of the flow field around the model. These phenomena
include changes in the boundary layer on the model with regard to either onset of separation or change in
shock position for compressible flows, modification of separation bubble size or shape, or change in
wake trajectory (viscous or vortex).

The choice of a correction method, or whether to bother with wall corrections at all, depends on required
data precision and accuracy, and on available resources. Resources include instrumentation, computing
hardware and software, qualified staff, and time.

In practice, one is often faced with sizing a model for a given set of test conditions. That is, given a test
facility and test envelope, how large a model may be used to generate “valid” wind tunnel data? “Larger”
is generally better from the standpoint of aerodynamic simulation for most applications (i.e., closest
Reynolds number match, model geometric fidelity, or other model- to full-scale considerations).
Permissible magnitudes of wall corrections depend on overall required data accuracies. An error
analysis with target data accuracies should be done to establish target maximum levels of wall
interference. Steinle and Stanewsky [17] derive permissible flow field variations for a variety of testing
requirements. The parameters that relate most directly to wall interference are based on a drag accuracy
requirement of 0.0001 ACp (Table 1).
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ltem Description Value

M Mach number accuracy 0.001

o, (W/U,,) Angle of attack (upwash) accuracy 0.01 deg (0.00017)
[d(w/U.)J[d{x/c)] Flow curvature <0.03 deg
[d(w/U,))/[dn] Spanwise flow variation <0.1 deg
dM/[d(x/L)] Streamwise Mach gradient <0.0006

Table 1 Required Flow Field Accuracies Corresponding to ACp=0.0001
(after Steinle and Stanewsky, [17])

These values provide benchmarks against which the accuracy of primary wall corrections and the spatial
variation of the residual wall interference field can be tested. Since the magnitude of primary wall
corrections may be small, uncertainties associated with their prediction may be as large as the
corrections themselves. The evaluation of data uncertainty may need to take this into account. With a
reasonable model size as a starting point, an iterative evaluation of wall interference balanced against
accuracy and scaling needs will generate the data for an informed decision.

Four factors govern the aerodynamic interference of wind tunnel walls on a model:

1) Nature of the aerodynamic forces generated by the model, including not only lift, drag, and
pitching moment, but also the constitution of the total drag (in classical terms, vortex, parasite,
and separation drag) and the contributions of simulated power units (including rotors, propellers,
fans, and jets).

2) Mach number
3) Size of the model relative to the dimensions of the test section (length, width, and height).

4) Type of test section walls.

1.4.1 MODEL AERODYNAMICS

Model aerodynamics refers to those aspects of the model that require explicit treatment or modelling in
the evaluation of wall interference, exclusive of Mach number. These include the displacement (or
volume) effect of the model and the customary aerodynamic forces: lift, drag, thrust, and pitching
moment. These interference effects are well understood in an attached-flow context and are commonly
addressed using classical wall interference concepts. However, the testing of models at high lift, with
powered lift (e.g., rotors or lifting fans) can result in large vortex wake deflections within the tunnel that
require special modelling attention. Separated wakes present another flow situation requiring additional
modelling.

Together with Mach number and model size, model aerodynamics guides the complexity of model
representation. For attached flows around small models at low Mach number, use of simple singularities
of known strength is adequate (Chapter 2). More complex geometries or large models may require more
accurate geometry representation as afforded by panel methods.

Separated wakes behind bluff bodies require special treatment, Chapter 6. In particular, wall pressure
measurements can be used to advantage for this case in order to determine the appropriate
representation of the separation bubble. Large lift forces may require consideration of wake deflections
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in addition to accounting for the separated wakes often associated with configurations near maximum lift.
Rotor testing at low speeds introduces additional complexity in that wake trajectories may result in
fundamental changes of the in-tunnel flow relative to an interference-free flow. These flows associated
with V/STOL configurations are discussed in Chapter 8. Unsteady interference effects largely have to do
with cross-stream resonance within the test section walls (Chapter 9).

Boundary measurement methods discussed in Chapter 4 potentially provide advantages with respect to
both model and wall representations. Chapter 10 outlines applications of these methods to adaptive wall
tunnels, especially for tunnels with two flexible walls for both 2D and 3D testing. Two-variable boundary
measurement methods provide the incontestable advantage of not requiring a representation of the
model for determination of the interference. This feature is most usefu! whenever the exact nature of the
aerodynamics at the model is not known: small supersonic flow regions near the model, large deflected
wing wakes, or separated flow at the model. Though these methods are applicable to any tunnel, the
most progress has been made for tunnels with closed walls, largely because of boundary measurement
considerations. One-variable boundary measurement methods can be especially helpful for the case of
ventilated walls, where sufficient uncertainty exists as to the proper wall boundary condition.
Representation of the model is required for this approach.

The modelling of active power simulation (propellers, wind turbines, fans, turbo-powered simulators,
blown nacelles or other jet simulation with at most small deflections of the propulsion streamtube) is
typically approached by consideration of momentum-streamtube relationships and the use of appropriate
source and sink singularities (Chapter 8).

1.4.2 Mach Number

Discussions of the AGARD Fluid Dynamics Panel Working Group 12 [1] used a classification of tunnel
flows by speed range from the standpoint of adaptive wall tunnel operation. This classification serves well
in a more general wind tunnel testing context because the flow physics are fundamentally the same in all
wind tunnels. The first three speed ranges are of particular interest with regard to wall interference (see
Chapter 10 for further discussion of these classifications):

1) Group 1: subsonic free stream, local embedded supersonic regions may occur near the model;
region near the walls is well represented by linearised compressible flow equations.

2) Group 2: subsonic free stream; non-linear region (in unconfined flow) extends beyond the walls.

3) Group 3: near-sonic and supersonic free stream.

Group 1 flows permit the application of the linearised potential flow equation for the evaluation of wall
interference. The effect of compressibility is linearised using the Prandtl-Glauert compressibility factor, B
=+ 1 - M°. The governing equation is linear and homogeneous, so that the principle of superposition
applies. That is, the interference flow field can be considered an incremental flow field due to the wall
potential that can be simply added to the flow due to the model potential. Because a wide variety of
practical aerodynamic problems fall into this speed range, and because of the demonstrated success of
linearised methods, most of the methods in this publication use the linearised potential equation (which
after the Prandtl-Glauert transformation becomes Laplace’s equation) as a starting point.

For Group 2 flow the non-linear portion of the flow field, strongest at the model, has grown to include a
substantial, if not the entire, region between the model and the wall. In this case, the distortion of the
compressible fiow field around the model and at the wall location (relative to interference-free conditions)
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requires the use of non-linear flow equations for proper characterisation. Wall interference is not easily
characterised as an incremental flow field; the calculation of both the in-tunnel and interference-free flow
fields may be required. Chapter 5 addresses the estimation of interference for these flows. Chapters 4
(boundary measurement methods) and 10 (adaptive walls) also include discussions of the use of non-
linear governing equations. For cases with supersonic flow extending to the walls, the interference of the
walls may include the effects of reflected compressible disturbances (compression and expansion waves)
on the model. The appearance of reflected disturbances may be considered to be the threshold for
classification in the next speed range.

Group 3 flow presents the most difficult situation from the standpoint of correctability in that the flow field
between the model and the walls is fully supersonic. In a typical case, the flow around the model is
dominated by multiple reflections of expansion and compression disturbances (originating at the model)
from the walls, back to the model. Passive ventilated walls have successfully been configured to
attenuate isolated shock waves, but a practical method for reducing nonplanar shock reflections for
configurations of interest is yet to be demonstrated. An adaptive closed-wall approach to shock reflection
attenuation has been demonstrated in 2D testing; the much more difficult 3D problem is beyond the
grasp of the current state of the art.

As Mach number is increased into the supersonic range, a point is reached beyond which wall
interference ceases to be an issue. This occurs when the flow disturbances from the model, consisting
of compression and expansion waves that travel along characteristics, are reflected from the tunnel
boundaries and pass downstream of the model. The flow field around the model is therefore
interference-free. A first-order estimate of permissible model size in the supersonic speed range is made
by simply calculating the Mach diamond based on the upstream Mach number from the model nose (or, if
known, the position of the detached nose shock). Thus, for a model positioned at a distance z from the
closest tunnel wall, the body length L should be less than 2 z / tan arcsin (1/M). For pointed bodies a
more accurate calculation of shock wave trajectory is possible using the exact (Taylor-McColl) solution for
conical flows.

For a given model and test section wall, a mapping of flow regimes provides guidance regarding wall
interference requirements. A schematic of such a map in the Mach-C, plane, Figure 1.4, shows the
typical progression from Group 1 to Group 3 flow with increasing upstream Mach number at a given lift.
With increasing lift the boundaries move

cL to lower Mach numbers. Group 1 flows
are amenable to linearised flow analysis.

Group 2 flows will generally require non-

linear flow analysis, and may not be

easily correctable without resorting to an
adaptive wall strategy. Group 3 flows

are considered uncorrectable except for

the case of fuly adapted walls.
Decreasing model scale (for a given
configuration) will move the boundaries
toward higher Mach number and lift. In

T this way, wall correction quality (for a
0 Mupstream 10 given methodology) can be matched to

_ desired test envelope by the appropriate
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regimes are not distinct, but represent somewhat arbitrary transition zones between flow classifications.
An additional boundary shown in Figure 1.4 delineates the onset of separation at the model. Interference
estimates beyond this boundary should include an evaluation of separated wake interference.

1.4.3 MODEL SIzE

Model size relates to wall interference in two basic ways: (1) the gross dimensions of the model are
directly proportional to the disturbances generated at the wall, and therefore to the magnitude of the
interference felt by the model due to the walls, and (2) the physical extent of the model within the test
section determines the severity of wall interference due to the spatial nonuniformity of the interference
flow field. It should be noted that aerodynamic size of the model, which depends on the dominant flow
phenomena and on the magnitude of the generated aerodynamic forces (see next section), rather than
geometric size, is the most relevant characterisation of model size.

In classical wall interference theory (Chapters 2 and 3) models are first considered to be infinitesimal, so
that any singularities representing the model's far-field disturbance may be considered to be located at a
single point, with the primary interference velocity evaluated at that point and the resulting corrections
applied. With regard to the magnitude of the disturbances due to the model, V (volume; for 2D flows,
cross-sectional area A) and CpS (mode! drag; for 2D flows, C, c¢) are taken to be the relevant linear
scaling parameters representing the symmetric displacement of far-field streamlines, and C.S (model lift;
for 2D flows, C; ¢) for the asymmetric far-field perturbation due to the model. The strengths of the
fundamental singularities used to represent the model are scaled by these model-dependent
characteristics.

Model size, as relating to blockage interference, is often described or delimited by the so-called “model
blockage” parameter, or A,./C, where A, is the maximum model cross-sectional area (taken normal to
the tunnel axis), and C is the test section cross-sectional area. The 2D equivalent is {;q,/H, where [, is
the maximum model thickness and H is the test section height. This parameter has an obvious
geometric relationship to the afore-mentioned model volume (for 2D flows, area), depending on the
model shape distribution. In the limit of 1D inviscid incompressible flow in a closed-wall tunnel, this area
ratio is equal to the increase in effective freestream velocity at the model station. For compressible flow,
in the limit of Mach approaching 1.0, this area ratio defines an upstream Mach number for which sonic
choking in a closed-wall tunnel will most certainly occur. Thus, in these limiting cases, it is a physically
meaningful parameter that bounds the parameters governing blockage interference. For normal model
sizes the blockage interference is usually much less than predicted from 1D flow considerations (for
example, for unusual shapes “when all is lost’, Pope and Harper {14] suggest a factor of 1/4 to account
for both solid and wake blockage, with A, taken as the model frontal area). Finite model size and angle
of attack contribute to the onset of sonic choking at a lower Mach number than predicted as above.

The first departure from point singularities considers the effect of finite span, both on the magnitude of
the interference upwash at the centre of the model and on its spanwise variation. Similarly, model length
may give rise to variations of interference from nose to tail, or root to tip for a swept wing. The relevant
length scale for these effects are the cross dimensions of the tunnel, so that 2s/B (span ratio) and L/8vVC
(body length ratio; for 2D flows, ¢/BH) form a logical nondimensionalised set of model dimensions for
evaluating effects of the spatial variation of the interference field. In 3D subcritical flow, span and length
ratios much less than 1.0 are adequately represented using point singularities at a single mode! location
(as long as the model is either in the centre of the tunnel, or several model dimensions away from a
homogeneous wall). This simple approach may prove adequate up to length ratios of one-half or more,
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depending on required accuracy. Beyond about one-half, however, spatial nonuniformity of the
interference field may become significant, so that multiple-singularity or panel methods should be used.
In transonic flow, even very small models may experience unacceptable interference at Mach numbers
closetoone.

In general, the size of the aerodynamic perturbation due to the model at the wall location is a reasonable
indicator of the magnitude of interference (for a given wall geometry). Within each speed range,
moreover, there may be criteria for model size defining the validity of various wall interference
approaches. This is most clearly demonstrated in the lowest speed range where linear potential flow
applies. For linear subsonic flows, the model size criteria can be combined with Mach number using the
Prandtl-Glauert factor B to scale physical model size for the first-order effects of compressibility. For
example, for a given leve! of perturbation velocity at the wall, model volume should decrease like |33.

1.4.4 WIND TUNNEL WALLS

Concurrent with advances in computational capability, significant developments have occurred with
regard to wind tunnel wall geometry since the publication of AGARDograph 109 (Garner et al., [5]). In
particular, with the rejuvenation of the adaptive wall concept (Sears, [16]), and subsequent boundary
measurement methods, a variety of new approaches for the minimisation and evaluation of wall

interference have been developed. '

The type of wind tunnel walls spans a range of possibilities. With regard to wall interference
methodologies, six approaches may be distinguished:

1) Closed paraliel walls with no measurements at the boundaries (Chapters 2 and 6).
2) Closed paraliel walls with boundary pressure measurements {Chapters 4 and 8).

3) Closed walis with deflection capability and boundary pressure measurements (Chapters 4 and
10).

4) Ventilated walls with no measurements at the boundaries (Chapter 3).
5) Ventilated walls with boundary measurements (Chapter 4).
8) Active ventilated walls with boundary measurements (Chapter 10).

The majority of existing wind tunnels have passive walls of basically fixed geometry, without adequate
instrumentation at the walls for wall interference purposes. Closed-wall test sections of various cross
sections are the most numerous for a variety of reasons: historical; relatively low power requirements for
a given size and speed of the jet; unambiguous wall boundary condition and therefore well-understood
interference characteristics; and potential for superior flow qualities (low spatial and temporal variations
of pressure and velocity). Thus, advancements in adaptive wall technology notwithstanding, closed-wall
tunnels with aerodynamically parallel walls (for a clear test section) are still the workhorses for most low-
speed testing. For small models with attached flow, the use of classical methods (Chapter 2) generally
suffices for the calculation of wall interference. Panel methods have proven to be successful extensions
of classical techniques, particularly for the investigation of the wall interference of large models (Chapters
2 and 3).

For closed-wall tunnels, significant advances have been made in two areas since the publication of
AGARDograph 109 [5]. First, with the development of boundary measurement techniques, the
performance envelope of closed-wall tunnels has expanded to include larger models at low speed (both
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from the standpoint of blockage and lift, Hackett, [7] and higher subsonic speeds for conventionally sized
models (Ashill, Taylor, and Simmons, [4]). Boundary measurement techniques are discussed in Chapter
4 (Sec. 4.2 for closed walls) and adaptive walls, in Chapter 10. Second, the development of the
adaptive-wall concept from both theoretical and practical standpoints (see Chapter 10 for a discussion of
issues and approaches) has resulted in a deformable-wall test section being a serious candidate for new
wind tunnel projects, especially for tunnels using a removable test section configuration.

In particular, practical implementations of the adaptive wall concept have resulted in a number of 2D test
sections with deformable floor and ceiling. Theoretically, this is the simplest application of the adaptive
wall concept. In principle, the design technology is little different from a flexible supersonic nozzle.
Proper adaptation in three dimensions is a much more difficult problem, especially from the
constructibility point of view. The rubber test section (Heddergott and Wedemeyer, [8]) and the
octagonal deformable test section at the University of Berlin (Ganzer, Igeta, and Ziemann, [6]) are
notable examples of deformable 3D closed-wall test sections. Difficulties associated with the desired
arbitrary deformations have led to investigations of the use of 2D wall adaptation for 3D testing to
minimise certain aspects of the interference (Wedemeyer [19]; Lamarche and Wedemeyer [10];
Wedemeyer and Lamarche [20]). Chapter 10 focuses on this approach as currently the most practical for
providing wall interference reduction and control.

Ventilated wind tunnel walls have also undergone significant development in the past 30 years. Though
the two basic types of ventilated walls, slotted and perforated, still predominate, a number of advances
have been made in their use for the minimisation of wall interference. Experimental investigations of the
ventilated wall boundary condition have met with mixed results: perforated walls behave like ideal porous
walls over some range of crossflows, with possibly different inflow and outflow characteristics; walls with
open stots exhibit a richness of behaviour only approximately captured by the ideal slotted-wall condition
with the inclusion of porous-wall pressure-drop terms. Panel methods with the appropriate wall boundary
conditions have been successfully applied to ventilated tunnel interference (Chapter 3). With the
maturation of boundary measurement techniques, including the development of instrumentation and
advances in data acquisition, the analytic forms of the wall boundary conditions can be side-stepped by
applying the principles of the one-variable method (Chapter 4).

For perforated walls, a sliding perforated plate backing the primary perforated wall surface provides a
means to vary wall openness. This type of wall configuration was pioneered at the Arnold Engineering
Development Centre (AEDC) with slanted-hole walls, and is now a common feature of perforated wall
retrofits, as well as of new designs. Initial experiments used the variable-porosity feature for global test
section porosity variation to optimise clear test flow qualities and to minimise shock reflection at
supersonic Mach numbers (Pindzola and Chew, [13]). However, it was realised that streamwise porosity
variation could be used to minimise wall interference (Lo, [11]). To date, the TsAGI T-128 Transonic
Wind Tunnel is the most ambitious implementation of this approach, the test section wall ventilation
consisting of nominally 10% open normal holes, with 128 movable backing plates covering the entire test
section (Neyland, [12]). The local porosity can thus be varied independently in each of the 128 zones
from 0% (fully closed) to 10% (fully open). Successful adaptation is judged by comparing measured wall
pressures to an interference-free prediction of far-field pressures. In general, perforated walls combined
with wall pressure instrumentation provide an excellent opportunity for the application of measured
boundary condition methods, (Sec. 4.3).

Operational adaptive features for slotted-wall wind tunnels have not yet evolved to the degree that
perforated wall adaptation has. The importance of slot shaping has long been known to be important for
supersonic flow forming in the low supersonic operating range (Ramaswamy and Cornette, [14]).
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Research and development on the use of slot shaping to minimise wall interference has resulted in the
calculation of particular slot shapes for minimum interference (Karlsson and Sedin, {9]; Agrell, Petterson,
and Sedin, [2]). This work has resulted in a slot flow model that treats the re-entry flow from the plenum
into the test section differently from the flow exiting the test section. The FFA T-1500 Transonic Wind
Tunnel has manually replaceable contoured slot edges for each of the 16 longitudinal slots based on this
work (Torngren, [18]). Various slot shapes were tested to optimise both clear tunnel flow qualities and
wall interference. Though remotely actuated variable-geometry slot mechanisms have been proposed for
several facilities, none has passed the proof-of-concept stage for wall interference minimisation.
Investigations of the wall boundary condition for open slots suggest that the inclusion of a crossflow
resistance term in the homogeneous boundary condition describes the actual crossflow boundary
condition better than the ideal inviscid slot boundary condition. Real slotted tunnels thus appear to
exhibit some of the interference characteristics of perforated-wall tunnels. These observations help
bridge the apparent disparity in the fundamental forms of the ideal homogeneous slotted wall boundary
condition and the ideal porous wall boundary condition.

A hybrid ventilated wall, consisting of longitudinal openings in the manner of slotted wind tunnels, but with
fixed baffles within the slots that provide a D’Arcy-type resistance to crossflow, is used at the Ames 11-ft
transonic leg of the Unitary Tunnel. As long as the slot spacing is small relative to the required absence
of “graininess” of wall interference, this type of wall may be treated as a homogeneous perforated wall.
With regard to shock reflection, Allen [3] shows that the strength of the reflected disturbance from a wall
with lines of perforations changes little for more than five or six lines of perforations per wall. Open slots
were found to have both a larger reflected disturbance than perforated walls and to require a larger
number of slots (compared to lines of perforations) before the reflected disturbance approaches its
asymptotic value. Other issues related to local wall non-uniformity include measurement locations and
techniques for boundary measurement methods (Chapter 4), and supersonic shock wave cancellation.

An important length scale for these phenomena is the wall boundary layer thickness. It is expected that if
the wal! opening size and spacing are of the order of the boundary layer or less, then at many boundary
layer thicknesses from the wall, the wall ventilation will be perceived as homogeneous. Similar scaling
arguments apply to hole size and spacing for perforated walls. Since boundary layers in large wind
tunnels are often several inches thick, permissible wall openness length scale may be of this order.
Perforated wall openings and spacings are typically less; slot widths may be somewhat larger; but slot
spacings are often an order of magnitude greater. The small size of wall openings for perforated wall
tunnels and the consequent ability to attenuate impinging shocks and expansions explains their being
preferred over slotted walls for low supersonic testing. These general considerations suggest that
homogeneous modelling of ventilated walls is appropriate for typical wall configurations, with the notable
exception of walls with only several open slots. The non-trivial aspect of this modelling is the value of the
crossflow coefficients in the boundary condition. The inclusion of wall boundary layer effects on
crossflow characteristics has been investigated, but the uncertainty associated with the estimation of the
wall boundary layer on a ventilated wall for a variety of model test conditions presents great difficulty for
practical use of this approach. These considerations favour boundary measurement methods for
ventilated walls to provide the necessary boundary condition information. For closed-wall tunnels, these
methods have also been found to implicitly account for at least part of the effect of the model on the wall
boundary layer (see Sec. 4.2).

The test section downstream of the model is an area that gives rise to special problems relating to the
interference and modelling of wind tunnel test environments. Difficulties in this area can be attributed to
support interference and re-entry/diffuser flow. It is becoming increasingly apparent that careful
modelling of these aspects of the test environment is required to evaluate interference in its entirety.
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The use of advanced methods is recommended whenever simpler methods fail to satisfy accuracy
requirements, which can occur under a variety of conditions:

1) Model is not small.

2) Large regions of separated flow dominate the flow field due to the model.
3) Large regions of supersonic flow exist around the model.

4) Supersonic flow extends to any wall surface.

5) Pressure perturbations at the wall are large enough to effect changes in the wall boundary layer
thickness.

6) Streamline deflection due to model-generated forces is significantly modified relative to
interference-free conditions.

Advanced methods can (and should) be used whenever they are available (subject to resource
constraints), providing that their application for simple attached-flow cases has been validated.
Conscientious scrutiny of wall interference results for a range of model geometries and flow conditions
can provide valuable clues relative to improved implementations of wall interference methods for specific
facilities.

In spite of several decades of research activities aimed at the development of superior wind tunnel wall
configurations, no single type of wall has emerged as dominant for 3D testing in the subsonic and
transonic speed ranges. Production and research testing facilities around the world now exhibit a wider
variety of wall types than ever before. In most cases, testing organisations have large capital and
infrastructure investments in their test faciliies. Development efforts often target extending the
performance envelope (at minimum cost) or understanding the peculiarities of each facility. Wall
interference activities are thus proceeding on several fronts, some of which overlap, others which are
mutually exclusive. Chapter 12 summarises areas where progress is both needed and anticipated to
improve the understanding, evaluation, and control of wind tunnel wall interference.
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2. CONVENTIONAL WALL CORRECTIONS FOR CLOSED
AND OPEN TEST SECTIONS

Investigations of boundary interference in aerodynamic testing date back to the 1920s and 1930s.
Glauert's classic monograph on the subject [15] summarises this pioneering work and serves both as a
basis for ensuing developments and as a touchstone for evaluating wall interference methods to this day.
These early investigations address interference in both closed-wall and open-jet test sections and, to
some degree, in test sections whose walls are a combination of these two types. This chapter briefly
describes the basic principles of this classical wall interference theory, summarises some fundamental
results, and traces several related lines of development since the publication of AGARDograph 109 [13].

The fundamental problem of wall corrections concerns itself with the difference between the flow fields
_around a body immersed in a uniform oncoming stream of infinite lateral, upstream, and downstream
extent, and around the same body in a stream confined or modified by wind tunnel walls. The
streamlines around a body in a uniform subsonic onset flow depend on the shape of the body and on the
aerodynamic forces acting on the body (which may be considered a result of its shape). In the
interference-free case, as distance increases laterally from the body, the streamlines approach the
straight and parallel flow of the onset stream. If the wind tunnel's boundaries (the “walls”) are far enough
away from a model being tested so that the flow perturbation due to the model is negligible, the same
uniform paralle! flow condition is obtained at the boundary and the flow around the model is therefore not
affected by the tunnel boundaries. However, to the extent that the model's influence is perceptible at the
boundary, the flow within the tunnel (i.e., around the model) is different from that which would be
obtained in an unbounded stream. Classical wall correction theory attempts to account for this difference
under a set of simplifying assumptions and corresponding restrictions on the theory’s range of
applicability. Fundamental to this approach are the concepts of primary corrections and residual
variations discussed in Chapter 1.

Elementary interference results for both 2D and 3D models are presented in this chapter. These include
the interference of only the tunnel walls remote from the model. So-called sidewall interference, which
may be a major source of three-dimensionality in 2D tests, deserves attention as a special interference
topic and is beyond the scope of the current discussion. Most of the 3D interference discussion in this
chapter addresses a rectangular test section of height, H, and breadth, B, with the test section aspect
ratio defined as B/H. Although other test cross sections are in use (e.g., octagonal, circular, elliptical)
and interference methods have been developed for these situations, the rectangular section is used as a
focus of discussion because of its commonality in practice, and because of the similarity of rectangular
section interference to that of other sections of equal area and aspect ratio.
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2.1 CLAsSICAL WALL CORRECTIONS: BAsIC PRINCIPLES, DEFINITIONS,
AND ASSUMPTIONS

As used here, the term “classical” refers to the results of the earliest analyses of wind tunnel boundary
interference on models in closed-wall and open-jet wind tunnels. The assumptions underlying classical
wall interference theory include:

1. Linear potential flow.
2. Perturbation flow at the tunnel boundaries.

3. Mode! whose dimensions generally are small relative to the tunnel and whose wakes (including
both the viscous and vortex wakes) extend straight downstream from the model.

4, Tunnel of constant cross-sectional area extending far upstream and downstream of the model,
with boundaries parallel to the direction of the flow far upstream of the model, and whose boundary
condition for a given wall is either no flow normal to the wall or a constant pressure at the wall
‘location.

“Conventional” is used as a further classification of wall corrections, which includes the classical. These
corrections are based on classical concepts in that the perturbation flow assumptions are used, but
model size, wake position, and tunnel boundary conditions are not restricted as above. For present
purposes, the tunnel walls are restricted, however, to a fixed geometry with a known pressure-crossflow
characteristic. Conventional wall correction methods do not then include specified boundary condition
methods or adaptive wall methods. Much of the work reported in AGARDograph 109 [13] satisfies this
definition of “conventional’, though specified boundary condition methods and adaptive wall methods
have appeared in the literature since the 1940s, and are included in AGARDograph 109 [13] as well.

2.1.1 CO-ORDINATE SYSTEM AND GOVERNING EQUATIONS

The co-ordinate system is defined for a conventional wing-body model such that x is the streamwise co-
ordinate, y is the lateral or spanwise co-ordinate, and z is the vertical co-ordinate corresponding to the
direction of primary lift, Figure 2.1. The origin of the co-ordinate system is typically taken to be on the
test section centreline, at the model centre. In 2D flow, the flow field is taken to be invariant with y. Far
upstream of the model, the incoming flow is uniform.

Although the definition of classical wall correction methods should properly be restricted to
incompressible flows, as mirrored in the early literature, linearised compressibility is included here as a
straightforward application of the Goethert transformation (see, for example, Ashley and Landahl, [5]).
Thus, the starting point for the development of classical wall interference corrections is the assumption of
linearised potential flow between the model and the tunnel boundaries (see Sec. 4.1). Streamline flow is
assumed with no allowance for shock waves or separated wakes. The effect of fluid viscosity in the
governing equations is ignored. Velocity at any point in the tunnel is the gradient of the potential function
in the usual way:

V(x,y,z) = VO(x,y,z) 2.1

The principle of superposition is a key feature of classical wall interference analysis. This allows the
interference flow field to be considered as an incremental flow field to the interference-free flow around
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? A = effective cross-sectional area = A+ A added mass
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M
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] V = effective volume =V + V gqded mass
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H/2 ¢ = mean aerodynamic chord
‘ ‘ 2s = span
L = model length
B

(b) 3D rectangular test section

Figure 2.1 : Co-ordinate System and Geometry

the model. Thus, the potential, @, is assumed to be expressible as the superposition of a uniform onset
stream, the model potential, and the wall potential,

O(x,y,z2) =-Ux+@,(x,y,2) +¢,(x,y,2) (2.2)

In those regions of the flow away from the model where the flow perturbations to the uniform oncoming
stream are small, the model and wall potentials can be considered perturbation velocity potentials. For
small deviations from the nominal free stream, the effect of compressibility can be linearised in the full
potential equation, resulting in the governing equation for the perturbation velocity potentials,

B¢, +0, +¢.=0 (2.3)
where ﬂ2=1-M2. That part of the flow field due to the walls, the wall interference velocity field, is the
gradient of the wall interference potential,

— a(pw 2 a(pw 2 a(pw N 2
V,(x,y,2) = Y I+ > j+ > k=ui+v

The equation for the perturbation velocity potential can be reduced to the Laplace equation (V29=0) with
the co-ordinate transformation (as developed by Prandtl and Glauert for 2D airfoils and extended to three
dimensions by Goethert): X=x, Y=8y, and Z=fz (see Sec. 4.1). This transformation relates the linearised
compressible flow to an equivalent incompressible flow in stretched co-ordinates.

J+wik 2.4)

i
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2.1.2 MODEL REPRESENTATION

The combination of perturbation interference flow at the model and small model size (relative to the
tunnel) implies that the variation of the interference velocity throughout the volume proximate to the
model is small, so that the interference velocity may be considered a constant throughout the region
affecting model aerodynamics. The primary corrections to stream magnitude and direction capture the
greater part of the wall influence. The next order of corrections considers the linear streamwise variation
of interference velocities (which result in streamwise buoyancy and flow curvature corrections). The
interference velocities and gradients are typically evaluated at the model centre which, for simple model
representations, is the location of singularities that approximate the flow field far from the model.

Thus, the flow in the immediate vicinity of the mode! will appear as though the model is immersed in an
unbounded uniform onset stream of perturbed magnitude and direction relative to the flow far upstream
of the model,

V

corrected

=U,7+%,(000) = (U, +u, )} +v,] +wk 2.5)

This corrected onset velocity is characterised by streamwise and upwash velocity corrections (u; and w),
commonly referred to as blockage and upwash interference, respectively. For small models it is sufficient
to evaluate the interference velocity and its spatial gradients at the model location. For symmetric
models at zero yaw, sidewash interference at the plane of symmetry is identically zero.

The magnitude of the streamwise gradient of u; (du;/dx) is a measure of the convergence (or divergence)
of the effective onset stream, resulting in a streamwise buoyancy force on the model. The streamwise
gradient of w; (dw; /ox) is a measure of the curvature of the effective onset stream, resulting in an
additional apparent angle of attack (or equivalently, excess lift at a given angle of attack) and pitching
moment.

The restriction on wakes extending straight downstream is in no way fundamental, but simply aliows the
use of simple, analytic solutions to the Prandtl-Glauert equation to represent the model aerodynamics:
line doublet (or horseshoe vortex) for 3D lift and its vortex wake, and a point source for drag (2D and 3D
viscous wakes).

The assumptions of a small model and of perturbation velocities at the tunnel boundary mean that only
the far-field flow around the model must be properly represented. That is, the details of the model are
not important; only the integrated effects at the tunnel boundary of model geometry and loading are
important to first order.

The first-order far-field influence of the model arises from three independent features of a model's
aerodynamics:

1. Model shape and volume, which causes a displacement or bulging of streamlines around the
model, with the streamlines reconverging to unperturbated parallel flow downstream of the model.

2. Model lift, which in three dimensions results in a redirection of momentum of the stream, resulting
in a downwash field that persists to downstream infinity.

3. Model parasite drag (i.e., not including induced drag or drag due to separated wakes), which
results in an outward displacement of streamlines around the viscous wake that also persists
downstream of the model.
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For small models, these three characteristics are represented by elementary analytical singularities
placed at the model location. The requisite singularities derive from potential flow theory and are
summarised in Figure 2.2 : line (or in 2D flow, point) vortex to represent lift, source doublet to represent
model volume, and point source to represent the displacement effect of the wake. The far field of virtually
any flight vehicle of interest can be represented by an appropriate superposition of these singularities at
the model location. The effects of finite model extent may be investigated using multiple singularities of
these types, though the main features of model size are illustrated by the finite-span horseshoe vortex for
wing span and a source-sink combination for body length. Expressions for the potentials of these
singularities are given in subsequent sections.

Two-Dimensional Three-Dimensional
yd A
G/ 2 Z c
/
Vortex (lift at a point) Infinitesimal horseshoe vortex (lift at a point)

/ ‘/\
2s /
/ O
./

Finite-span horseshoe vortex
(unswept wing with uniform span load)

O, ()

Source doublet (cylinder) Source doublet (sphere)
| * | | * |
N A4 AV 4 V4
E X A N
Source-sink with finite separation (Rankine oval) Source-sink with finite separation (Rankine body)
7 A\ 4
Source (displacement of viscous wake) Source (displacement of viscous wake)

Figure 2.2 Elementary Singularities Used for Model Representation in a Uniform Stream

With the interference velocities at the model location being small, resulting model loading changes
(relative to the interference-free case at corrected freestream conditions) are likewise small. This permits
the use of singularity strengths taken to be the same as for the interference-free model flow, that is, ¢ is
known or specified. For example, a 3D source doublet in a uniform onset flow produces a closed
spherical stream surface; thus it represents the potential flow around a sphere. For a sphere in a
constrained flow, as in a wind tunnel, this same singularity will produce the same closed spherical stream
surface only in the limit of zero model size. Otherwise, the wall potential perturbs the effective closed
surface around the doublet; the larger the model size, the greater the deviation. Similarly, use of a
specified wing lift distribution (represented by a spanwise distribution of horseshoe vortices) will not fully
capture the effect of wall interference on wing loading unless an iterated solution is sought. If model
loading changes are not small, due to either model size or sensitivity of the flow to small changes in
stream velocity or angle (as at transonic speeds or near stall), classical methods can provide only
qualitative guidance, and advanced methods should be considered.
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The interference velocities are usually nondimensionalised by the velocity magnitude far upstream of the
model,

ui

£= U_w (2.6)

wi
Ao = U_w 2.7
It is convenient to define an upwash interference parameter (8) and its streamwise gradient (5,),
w, C
= —(}: SC, (2.8)

6 = ai (2.9)

(-

where C is the test section cross-sectional area, and L is a typical length scale (often taken as the height
of the test section).

Similarly, the streamwise gradient of blockage interference is of interest because it affects model forces
in addition to the change in the effective freestream velocity given by e This gradient imposes a
streamwise pressure force, or buoyancy drag, on the model that would not be present in the interference-
free flow and that must be subtracted from the measured model drag in the tunnel.

As long as there is a region between the tunnel boundaries and the model satisfying the perturbation flow
equations described above, the flow at the tunnel boundaries due to only the model is a perturbation
flow, even though the model representation may result in large velocity changes (relative to the free
stream) close to the model. Conversely, the flow at the model location due to only the walls will likewise
be a perturbation flow, even though the flow close to the walls may be subject to large deviations relative
to the oncoming free stream, as in the case of flow through longitudinal slots or in the vicinity of holes. If
the wall boundary condition is spatially homogeneous, however, the flow at the wall will satisfy Equation
2.2. This is the case for the closed-wall and idealised open-jet test sections.

It should be noted that even for apparently large models, small model results can provide estimates of
the adequacy of applying only primary corrections, based on the magnitude of spatial variations of the
interference flow field at the location of the model. Such estimates can then guide the decision on the
need for more accurate flow modelling.

2.1.3 TuNNEL WALLS

The condition of tunnel walls extending far upstream and downstream (doubly infinite in streamwise
extent) permits the application of the method of images with its corresponding set of analytic results. The
method of images is a simple yet powerful technique for the evaluation of interference in tunnels with
either closed-wal! or open-jet boundaries.

The boundary condition for a closed wall is no flow normal to the wall, given exactly in terms of the
perturbation potential,

—=0 (2.10)

where ¢ =¢,, +0¢,, .
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Allowing the velocity at the tunnel boundaries to differ from the onset stream velocity by only a small
amount (the perturbation velocity) also means that these boundary conditions can be linearised if
necessary. The boundary condition for an open wall (or free jet) is a constant pressure equal to the static
pressure far upstream of the model; in linearised form,

% _
2

Finally, the assumption of a tunnel of constant cross section (and constant homogeneous boundary
conditions for a given wall) extending to infinity both upstream and downstream of the model provides the
simplifications (symmetries and asymptotic boundary conditions) permitting the application of analytic
techniques, such as the method of images. Because most wind tunnel tests involve a model located on
the centreline of the test section, this symmetry condition can be used to advantage both to simplify the
analysis and to permit a convenient decoupling of upwash interference from model volume and wake
characteristics, and of blockage interference from model lift.

| 2.11)

Consider, for example, a planar closed wall extending to infinity in all directions in proximity to an isolated
point singularity whose velocity potential is given by ¢(x, y, z). Figure 2.3 illustrates this situation in two
dimensions for the point vortex and source singularities. The desired boundary condition at the wall is
do/on = 0. If the velocity potential of the singularity is such that dp/dn is an odd function of the co-ordinate
n normal to the wall (i.e., ¢ is even with respect to n), then by symmetry, the velocity normal to the wall
due to this singularity is identically cancelled by placing a so-called image singularity of the same
magnitude and strength on the other side of the wall, at the same distance from the wall, on the line
normal to the wall and passing through the original singularity. Conversely, if dg/on for the original
singularity is an even function of the co-ordinate n (i.e., ¢ is odd with respect to n), the normal velocity at
the wall due to the original singularity is cancelled by an image singularity of equal magnitude and
opposite strength. Thus for a planar closed wall, the 2D point vortex requires an image of the opposite
sense, while a point source requires an image of the same sense.
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Figure 2.3 Method of Images for a Planar Closed Wall

Similarly, replacing the planar closed wall by a planar free-jet boundary requires satisfying the linearised
constant pressure boundary condition. For the streamwise co-ordinate x parallel to the boundary, if dp/0x
of the original singularity is odd in x, then the image singularity must be of the same magnitude and
opposite strength. Conversely, if d¢/0x of the original singularity is an even function of x, then the image
singularity must be of equal magnitude and strength. Figure 2.4 illustrates the method of images for a
planar free-jet boundary.

It is readily apparent that the method of images is not limited to single point singularities, but can be used
for any collection of singularities. Nor is it limited to planar wall boundaries; conformal transformations
have been used to develop image systems for octagonal and elliptical tunnels as reported in
AGARDograph 109 [13]. The objective is merely to cancel a component of velocity (either normal or
streamwise) due to the model at the specified boundary by an appropriate choice of image(s) on the
other side of the boundary.
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Figure 2.4 Method of Images for a Planar Free-Jet Boundary

The application of the method of images to wall interference involves the development of the set of
images required to represent all the wall surfaces of a given test section and summing their effect to

determine the interference at
the model. Symmetry
considerations guide the
construction of an image
system.

The interference factors for a
small model at the centre of a
rectangular test section with
either all closed or all free-jet
boundaries are summarised
in Figure 2.5. Circular test
section values, indicated for
reference, fall very close to
square tunnel values.

1.2 Symbols indicate circular-tunnel -0
interference factors e 7
5’ ~
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0.8 ~__ -
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Interference
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0.0
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Open-jet
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Figure 2.5 Classical Wall Interference Correction Factors for Small
Models in Closed-Wall and Open-Jet Rectangular Tunnels
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2.2 CLASSICAL CORRECTIONS FOR CLOSED TEST SECTIONS

Test sections with closed, planar, and aerodynamically parallel walls are perhaps the easiest to
understand and analyse. The boundary condition for each wall lends itself to treatment by the method of
images. The qualitative effects of these walls are predictable based on physical arguments alone, thus
providing a common-sense validation of the analytic results. To be sure, the presence of more than one
wall requires the use of multiple images. In fact, an infinite array of singularities is required even in the
simplest case of two walls. Nonetheless, as has been shown in the literature, the infinite series
representing the interference potential for small models in such tunnels converges quickly enough for
ready calculation, especially given current computational capabilities.

In two dimensions, the closed-wall boundary condition can be satisfied on the upper and lower walls by
using a single row of image singularities both above and below the test section. In constructing the
image system each wall initially requires an image outside the test section of the model within the test
section. However, the presence of the first-order singularity for the lower wall violates the parallel-flow
boundary condition on the upper wall, thus requiring a second singularity above the ceiling, and similarly
for the floor. For a model placed midway between the floor and ceiling this results in an infinite set of
singularities, all at the same station as the model, equally spaced in z, aligned above and below the test
section as indicated in Figure 2.6. A single infinite summation expresses the interference in the test
section. This image system is readily generalised to the case of asymmetric model location.

- e ¥
+ o (4)
Point singularity
¢ (x2) = Kf(xz)
- e (+) K = strength of singularity
U, E
> Rz
Closed walls ‘ H/2 —f
H (typical)
- e (¥ :
+ e (+)
Legend:
-, + = Image strengths for ¢ odd in z
(+) = Image strengths for p eveninz - @ (+)

Figure 2.6 Image System for a Singularity at the Centre of a 2D Tunnel with Closed Walls

For the 3D testing situation in rectangular test sections, the image system becomes doubly infinite
because of mutual interference of vertical and horizontal walls, which requires images along the
diagonals, Figure 2.7. In general, this results in a double summation for the interference in the test
section.
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Point singularity, o(xy,2) = Kf(xy,2)
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Figure 2.7 : Image System for a Model Singularity in the Centre of a 3D Rectangular
Tunnel with Closed Walls

A particularly elegant image system in the crossflow plane far downstream of the bound vortex satisfies
the boundary conditions for a closed-wall tunnel of circular cross section, Figure 2.8. This image system
has been used to predict the upwash interference at the model, reasoning that the interference at the
model location is half the interference value evaluated far downstream.

¢, = Radial velocity = 0

Figure 2.8 image System for Trailing Vortices in a Tunnel of Circular Cross-Section

Early recognition of the limitations of single-singularity representations of model aerodynamics stimulated
the development of multiple-singularity methods and applications, wherein elementary singularities are
used as building blocks to represent the finite physical extent of the model. For a closed-wall rectangular
tunnel, a complete image system can be specified for each singularity. By superposition, the collection of
model singularities along with the corresponding sets of images will satisfy the wall boundary conditions.

All results presented in this section are for model singularities located on the centreline of the test
section. Off-centreline model location involves appropriate generalisations of the image systems,
resulting in both streamwise and upwash interference at the model location for any single type of
singularity. 2D interference results are given throughout the test section, including both streamwise and
upwash interference velocity components to highlight the qualitative features of interference variation that
a large model at high incidence might experience. These features are mirrored in 3D testing, so that a
large 3D model (length and span) may be viewed as immersed in a variable interference flow field.
Tunnel users should be alert to the possibility that remote locations of a large model (e.g., outboard wing,
body nose, and tail) may experience significantly different interference than predicted at the model
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nominal reference location (often taken as the quarter-chord of the mean aerodynamic chord of the
wing). 3D interference results presented here are limited to the main results: streamwise interference for
the source singularities and upwash interference for the vortex singularities.

2.2.1 CLASSICAL CORRECTIONS FOR LIFT INTERFERENCE

Lift interference is defined to be that part of the wall interference due to circulation (i.e., corresponding to
a force normal to the oncoming stream direction) generated by the model. For a small model centrally
located in a test section, the model lift results in primarily an upwash interference in the vicinity of the
model. Typically, this change in effective freestream direction directly modifies the model aerodynamic
angle of attack and requires the resolution of force balance measurements relative to the corrected wind
axis direction.

2.2.1.1 2D LIFT INTERFERENCE

In 2D flow, a point vortex singularity is used to represent the lifting effect of an airfoil. The potential for a
point vortex located at x=z=0is

Q, =— % arctan(-%z-) (2.12)

where v, the vortex strength, is 1/2 U_ ¢C, and c is the airfoil chord. Defining nondimensional spatial co-
ordinates &=x/BH and {=z/H, the upwash interference anywhere in the tunnel for a model centrally
located between closed upper and lower walls is given by

__H Jo, _ $
0&8)=t e, 5 =i ZO( &L n) e
The upwash interference

throughout the test section is
shown in Figure 2.9. It is zero at
the model station as expected,
since the velocity due to each
image singularity is in the

station. The upwash gradient,
however, is not zero, so that a
model will experience additional
lift due to this induced camber
relative to the interference-free
case. The streamwise curvature
5_0.2 interference parameter at the
model location (=£=0) is

L - 005
L .01

L -0.15

Figure 2.9 Upwash Interference of a 2D Vortex in a Closed-Wall
Tunnel

streamwise direction at this -
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l =0
6,(0,0)= 3500— 47rn§( )n (2.14)

n#0

Since the upwash gradient is proportional to C;, the uncorrected lift curve will be steeper.

For convenience, a streamwise interference parameter (due to lift) can be defined as

H dp,
(&8)=Toe, o~ anp ,,_Z_;,o(" ({;_n)z

n=0

(2.15)

By symmetry, the streamwise interference is identically zero along the tunne! axis, being positive above
the axis and negative below the axis at the model station (for positive lift), Figure 2.10. Far upstream and
downstream of the model, both the streamwise and upwash interference velocities approach zero.

Although these results are strictly ozr
€
applicable only to a small model, U s __l ’ /
the implications of finite model i a
size are  apparent from ' =05
consideration of the spatial Mi o0 0.4
. . i U, H
variations of interference velocities 03
in Figures 2.9 and 2.10. A model 0.2
0.1

centred between the walls at zero
incidence may have a chord
length that places leading and
trailing edges beyond the region of
“constant” interference. Further,
rotating such a model through a
range of incidence angles moves

0.0 (centerline)

€5 (& 0 =-e5 (& Q)

-2

-0.05 -

both leading and trailing edges v
away from the centreline and into Figure 2.10 Streamwise Interference of a 2D Vortex in a
regions of variable upwash and Closed-Wall Tunnel

streamwise interference. The
limits of linear streamwise upwash along the centreline are no more than about x/gH < + 0.4, Figure 2.10.
Deviations of both upwash and streamwise interference from the centreline value are small for zH <+ 0.2.

For a small model centrally located between two closed parallel walls, Allen and Vincenti [3] provide the
following corrections due to flow curvature. These take account of the actual centre of lift of the model
through inclusion of the pitching moment, Cy,.

Aot = BH2 ——(c, +4C,,) (2.16)
w2 ¢ )

AC, =_K(ﬁ_H] C, (2.17)
2 c)

ACM:@(BE) C, (2.18)
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These results were derived for an arbitrary chordwise loading (expressed in terms of a Fourier sine series
plus a cotangent term to represent the flat plate loading), and are based on the idea of matching suction
peaks in the tunnel and in free air. A« is evaluated at the midchord; AC, and ACy represent the
linearised loading changes due to the upwash variation over the chord. These corrections are consistent
with the classical result of evaluating the angle of incidence correction at the % chord for a set of
corrections at constant lift (i.e., AC;=0). Alternatively, for no change in pitching moment (ACy=0), the
angle of incidence correction should be evaluated at the trailing edge of the airfoil.

The case of off-centre model vortex location is summarised in Chaptér Il of AGARDograph 109 [13];
quoted results are based on Batchelor [8]. The upwash interference for a vortex located at x=x; (£=£&4)
and z=d-H/2 (a distance d from the floor) in a 2D closed-wall tunnel is given as

- _a_’__l =L 5 5“51 _ < é—él
5(6 o 2) 4r n:z_w(g_e;)z+4(n—ar/H)2 2;(§_§1)2+4n2 219

At a small streamwise distance, £-&;, from the vortex, ignoring terms of order (&-51)3, this can be
approximated as

ool e

If the vortex represents the lift of an airfoil acting at the centre of pressure, then for pitching moment
defined about the quarter-chord, the centre of pressure is located at a distance downstream of the
leading edge,

Cu
¢,

x, 1
_ 2.21
c 4 @21

and the upwash interference can be expressed as

5(_{ _d___l_)___ﬁ_i (f___l_) _Cl(_2_+ ﬁﬂ) 222
c’H 2 16gH|\\c 4, 37" H 222

Batchelor also derives the streamwise interference velocity at the vortex as

(5 £ d 1) U 1 ¢ o tn’d 2.23)
g =g, =——7|=77"=—"7-7-(C,cot— .

H 2 U, B8H ' H
Thus, the streamwise interference is identically zero only for a centrally located vortex. Otherwise, it is
either positive or negative according to whether the vortex is above or below the test section centreline
(as can be inferred from consideration of the incremental effects of the nearest image vortices). These
results are analogous to the interference of a centrally located vortex evaluated off-centreline, Figure 2.9.

The above summarises corrections due to lift in a 2D closed-wall tunnel to order (¢/H)’. AGARDograph
109 [13] includes a discussion of higher order correction theory (to order (c/H)”), concluding that the
lower order results are inaccurate for ¢>0.48H. For a model centrally located between two closed walls,
the following corrections are presented based on Havelock [17], ignoring terms of order (¢/BH)°,

’ Tnic'C,

Aaz—nc——(C +4C )—
96BH* \* M7 307208°H*

(2.24)
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-hl:l

(e 1t e
AC =G~ (BH) 3072 (ﬁH) (2:29)

AC, =C ﬂz(cjz L2 (6]4 226
M TLN192\BH) 15360\ BH (2.26)

The general problem of a thick airfoil has been solved by Goldstein [16] as a power series in (¢/H) by
transforming the airfoil to a circle, and is summarised in AGARDograph 109 [13]. This solution is
consistent with the above results when second-order terms in thickness, camber, and incidence are
ignored.

2.2.1.2 3D LIFT INTERFERENCE FOR SMALL WINGS

The lift of a small model can be simulated using an elementary horseshoe vortex of span 2s (equivalent
to a line doublet), whose potential is given by

0 _Is) . x { z } (2.27)
"2 (x2 +B2}’2)% y2 +2? .

where the vortex strength (I's) is 1/4 U_ S C,, S is the reference area of the wing, and r is the radial

cylindrical co-ordinate, \/ y2 +z2 . The upwash velocity field is then

2, T 2oz ’xz°
9P 1S, x Y 72 | P (2.28)

(gt +p2) L0702 ] (s pry o))

In the plane of the bound vortex normal to the oncoming stream (that is, for x=0) the upwash takes on the
simple form

oz 27[

Is| y*-2°

w(0,y,z) = . (72:27)2— (2.:29)

For rectangular tunnels, the image system is a 2D array as discussed in Section 2.1.3. Defining the
aspect ratio of the tunnel as A=B/H and evaluating the upwash interference at the model location,
x=y=z=0, the classical result is recovered:

2
(2.30)

6,=8000)=2- 3 Y i
™ [ 4 +n°]

Differentiating (with respect to x/BH) the expression for upwash interference due to the infinitesimal
horseshoe vortex, the analogous expression for upwash gradient at the model location is derived:




06 A o mP AR = 2n?
61(0’0’0)2566_/.3—1‘0 =2 > > (=) — (2.31)
009w [

As developed by Theodorsen [34], similar expressions apply to the upwash interference in rectangular
tunnels having all open walls, open sides and closed floor and roof, and closed sides and open floor and
roof. Because the image systems for these cases require only appropriate sign changes (see Glauert,
Figs. 7 and 8), the factor (-7)" should be replaced by (-7)”, (-1)™"", and (1), respectively; see Section
4.1.2.4 (Fig. 4.4).

Along the centreline of rectangular tunnels, the upwash interference asymptotically approaches zero in
the upstream direction and a constant positive value in the downstream direction, Figure 2.11. The
interference upwash far downstream of the model is due to the image trailing vorticity, which (at this

B 1
— 05 r —_—=
2s 0 H >
__.l 25 )
<P, H 04}

-2 -1 1 X 2

BB

- -01

Figure 2.11 Centreline Distribution of Upwash Interference of an Elementary
Horseshoe Vortex in Closed-Wall Rectangular Tunnels

location) extends effectively to infinity in both directions. At the model location, the image bound vortex
segments do not induce any upwash (as in the 2D case). Because the image trailing vortex segments
extend only downstream from the model location, by symmetry the upwash interference at the model is
therefore exactly half the value of the downstream asymptotic interference. The spanwise variation of
upwash interference, Figure 2.12, is significantly greater for tunnels having A > 3/2. The magnitude of
interference at the model! location increases for A < 1. From the standpoint of both small magnitude and
minimum spanwise variation, near-optimum upwash interference is obtained for 1 < A < 3/2. These
small-span results indicate the nature of the interference-gradient problems that will occur for finite-span
wings.
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Figure 2.12 Spanwise Distribution of Upwash Interference of an Elementary
Horseshoe Vortex in Closed-Wall Rectangular Tunnels

2.2.1.3 3D LIFT INTERFERENCE FOR WINGS OF FINITE SPAN

The effect of finite span of the horseshoe vortex on upwash interference provides the next logical
approximation to the interference of a wing. A straight unswept wing having a small chord, finite span
and uniform span loading can be represented by a finite-span horseshoe vortex, whose velocity potential
is (see Ashley and Landahli, [5])

®, = —L’ s Iz |:1 -+ X }y
"oAn (y-p) v Ry-o)]T

= E arctan( z ) - arctan( z j - arctan(Mj + arctan[————————x(y * S) }
2n y—s y+s zR(y—s) zR(y+s)

where R(y) =\/x2 +B%y? + B2

(2.32)

Differentiating this expression, the upwash velocity is

y-s _ yts
dp s (r=9) +2* (y+s) +2°
—g=27tUw< x(y-S)(x2+B2(y—s)2+2,82z2) x(y+s)(x2+ﬁ2(y+s)2+2ﬁ222)}(2.33)
+ -

3

| ZZ(R(y—s))%T(y—s) ZZ(R(y+s))ET(y+s)

where T is defined as
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xzyz
x2+ﬂ2y2+[32z2)

T(y)=1+ 5 ( (2.34)

For a finite-span 3D wing it is convenient to define nondimensional co-ordinates using the tunnel breadth:
E=x/BB, n=y/B, and {=2/B, and a nondimensional semispan, c=s/B. In the plane of the bound vortex,
£=(=0, the upwash interference of a finite-span horseshoe vortex in a rectangular tunnel (A=B/H as
before) is given by the double summation of the image system,

n=ao m=00

Z Z n-o-m nN+o0-m

NO10)=1ero - - 2.35

( n ) excludmgm__w( (n_o-_m)2+n2 Az(n+0'—m)2+n2 ( )
n=m=0

For wings of finite span, upwash interference along the centreline of rectangular tunnels, Figure 2.13,
qualitatively mirrors the interference of models of small span. Upwash interference variation along the
span of the bound vortex in a square closed-wall tunnel is shown in Figure 2.14. As span increases, the
average upwash interference at the centre of the model (¢=1=(=0) increases. More important, however,
is the increased spanwise variation of interference due to span. This is manifested as increased upwash
on the outboard wing with increasing span ratio (due to the increasing proximity of the first set of image
trailing vortex segments). The effect of span can be ignored for span ratios less than about 0.5.

0.3 r

w

2

Figure 2.13 Streamwise Interference of a 2D Source Doublet in a
Closed-Wall Tunnel

An extensive series of lift interference charts for rectangular and elliptic closed-wall tunnels, including the
effects of finite span, uniform versus elliptic span loading, and off-centre wing location, are presented in
Pope and Harper [31]. The rapid rollup of trailing vorticity of a finite-span wing into two concentrated
trailing vortices duplicates the trailing vortex pattern for uniform loading. The distance between these
concentrated trailing vortices, the so-called vortex span, is given as a function of wing aspect and taper
ratios. The interference at the wing can be estimated using an effective vortex span smaller than the
physical span, but larger than the rollup vortex span. For wings of small span to tunnel width ratio, a
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simple average of the physical and rollup vortex span results in negligible error. Large span wings or
very exacting correction requirements may demand the consideration of actual spanload.

04
) r [4‘25*1)
[ - 28
0.35 |- G H 20 B
B
0.3

0.25

0.2

L 0N Rt M A A Rt RS el M S I M Mt vt St Mt M B |

0.15

0.10 . . . i : ; . j . . | . . i " . . I

0.1 0.2 y 0.3 0.4 0.5
B

Figure 2.14 Upwash Interference of a 2D Source Doublet in a Closed-Wall Tunnel

2.2.1.4 APPLICATION OF UPwASH CORRECTIONS

Additional upwash at the model location due to the walls requires corrections to angle of attack and drag
(due to the change in effective stream direction at the model location, and to pitching moment and lift (or
to pitching moment and angle of attack) due to the streamwise gradient of the interference upwash). For
a small mode! and small upwash angle, the corrections to lift and drag due to the former (i.e., rotation of
wind axes) are

CLcorr = CLunc COSAQ - CDunc Sm Aa = CLunc (236)

Cowrr = Cpume €OSAX+C,,, sinAa=Cp,  +C, . Act (2.37)
Y

Ao =8, < Cuwne (2.38)

where Aw is evaluated at the model centre of lift (nominally the wing quarter-chord location).

Though the above relationships define a corrected onset stream direction, the model angle of attack must
additionally be adjusted for interference stream curvature. Because the wing is immersed in an
interference flow field characterised by increasing upwash with x, it appears to have an increased
effective camber (in a closed-wall tunnel) compared to an unbounded flow, Corrections for this flow
curvature may be applied to pitching moment and to either (or both} lift coefficient or angle of attack. Itis
perhaps most convenient to consider this flow-induced camber as an additional model incidence (though
not to be included in the stream angle change for redefining wind axes) with no adjustment to lift and an
additional pitching moment due to this camber that would not occur in an unbounded stream. For a
linear longitudinal variation of interference upwash, and relying on linearised airfoil theory results for a
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circular-arc airfoil (see Glauert, [15]; or Pope, [31]), the effective increase in incidence is accounted for if
the upwash is evaluated at the 3/4-chord location (rather than the quarter-chord, which coincides with the
centre of lift in linear theory). In terms of A, 6,, and 8, evaluated at the location of the bound vortex,

+A0+A + (6 ¢ F ) SC i 2.39
acorr aunc 124 asc aunc [/] 2 ﬂ H 1 C ( )
The pitching moment correction is
¢ SC,,. oC,
AC, =6 2.40
M ! 16ﬂH C Jda ( )

For the 2D case, S and C are replaced by ¢ and H respectively.

For wings of finite span and arbitrary spanwise loading, the average interference upwash (3,, in
nondimensional terms) can be taken to be the loading-averaged upwash as given in AGARDograph 109,

1S
_1 41
. L[(U o) @41

2.2.2 CLASSICAL CORRECTIONS FOR BLOCKAGE INTERFERENCE

Blockage interference is that part of the wall interference due to the displacement of streamlines around
a body that carries no lift or side force. Solid blockage represents that part of the blockage due to the
volume of the model in the tunnel. This is usually taken to be a closed body, though if the effect of a
support sting is sought, under certain circumstances modelling of its volume might take the form of a
semi-infinite body which can be represented by a source. A source flow is similarly used to represent the
displacement effect of a viscous wake from the model.

2.2.2.1 2D SoLID BLOCKAGE FOR SMALL MODELS

As discussed by Glauert [15], the flow field around any nonlifting body may be represented by a power
series in the inverse of the complex spatial co-ordinate. At a large distance from the body, the leading
term (of the form of a source doublet) dominates. In 2D flow, the potential of a source doublet is

_L[_x____j -
(p”’_2n' x?+ Bz (242)

In a uniform unconstrained stream, the potential of a source doublet aligned with the oncoming stream
represents the flow around a cylinder whose radius (a) is related to the doublet strength,

2na’U,,

The far field of any nonlifting body is approximated by this first-order term if p is taken as AU /B, where A
is the effective cross-sectional area of the model. It is the sum of the model volume (per unit span) and
its virtual volume (per unit span) for accelerated flow in the streamwise direction. Using nondimensional
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co-ordinates é=x/BH, {=z/H, and summing the effect of all the image doublets, the streamwise
interference anywhere in the tunnel for a model centrally located between closed upper and lower walls is
given by

u, 1 A(c)’& 52—(C—n)2
L= S

It should be noted that at any value of £, the interference is a maximum at the model location, Figure
2.15, which increases the effective freestream velocity felt by the model. However, due to the
streamwise symmetry of the interference, there is no pressure buoyancy force on the model.
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Figure 2.15 Streamwise Interference of a 2D Source Doublet in a
Closed-Wall Tunnel

At the model location, £=£=0, the interference is given by

1 A(eN'=1 =
“""”Eef—‘znﬁz;:‘z“(ﬁ) Lo R 249

As for the point vortex, interference at the model station is a minimum on centreline, with interference
velocities for z/H < 0.2x/BH very close to centreline values.

In a manner analogous to the point vortex, an upwash interference parameter for a nonlifting body can be
defined :

w, 1dp, 1 47 26(¢ -n)
58(5’€)'U U, 0z 2mB* H? 2 2 (7 (2.48)

.7 el
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Figure 2.16 Upwash Interference of a 2D Source Doublet in a Closed-Wall Tunnel

By symmetry, the interference upwash due to solid blockage is zero along the axis of the tunnel, Figure
2.16. Off-centreline the interference upwash has a character similar to the upwash interference of a 2D
vortex (Fig. 2.9).

Following Glauert [15], the effective cross-sectional area of any 2D body may be written in terms of an
equivalent cylinder by defining a body shape factor, A,

U= %MUOo (2.47)

so that the body is represented as an equivalent cylinder of diameter t\/I . Values of  as a function of
fineness ratio (c¢/f) are given by Glauert for several shapes: Rankine oval, ellipse, Joukowski section, and
a modified Joukowski section. Pope [31] provides shape factors for several NACA airfoil series as well.
The shape factor for an ellipse is described by a simple analytic expression,

1 c
A= 5(1 + —t—) (2.48)

An alternate body shape factor may be defined by taking the effective cross-sectional area (A) to be K Ay,
where K is a nondimensional factor depending on body shape and A, is the actual cross-sectional area.
For an ellipse,

t

K=1+— (2.49)

c
As fineness ratio increases, K approaches 7 and effective area is essentially the actual cross-sectional
area. The more blunt the body, the larger is the effective area. A circle, for example, has an effective
area twice its actual cross-sectional area.
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In general, the effective cross-sectional area can be calculated for a symmetrical body from the surface
velocity distribution, V(s),
A{ ~ 4 tmﬂinj‘ edge V(S) Z(S)
U, t*

T leading edge ©

ds (2.50)

Glauert also provides a useful first approximation to A, for cases when more reliable values are not
available,

2 (2.51)

The effect of thickness and angle of attack on blockage interference may be estimated using a general
relationship suggested in AGARDograph 109 based on theoretical and empirical investigations,

g = %[H 1.2[3(—9}[1 + 1.1(90:2} 133/1;12 (2.52)

2.2.2.2 2D RANKINE OVALS

A source and a sink located a finite distance apart (2s) on a line parallel to the oncoming stream have a
streamline forming a closed body known in 2D flow as a Rankine oval (in 3D the analogous closed
stream surface is referred to as a Rankine body). This simple superposition of singularities illustrates the
effect of body length on solid blockage. The potential is given by

0, = 2—:;%{ln((x+s)2 +[32zz)5 —ln((x—S)2 +ﬁ222)5] (2.53)

In terms of nondimensional co-ordinates &=x/BH, (=z/H, and defining o=s/BH, the streamwise
interference is the sum of all images in the usual way,

m c E+o _ E-o (254

€= onp? E% (E+o) +(¢-n) (&-0) +(&-n)’

The streamwise interference of Rankine ovals having a maximum thickness #/H=0.1 is shown in Figure
2.17. At small length ratios the interference is indistinguishable from that of a source doublet. Two
features characterise the interference as the length of the model increases. First, the interference at the
model leading and trailing edges decreases relative to the interference at the model centre. Second, the
interference at the centre decreases as the flow in the tunnel approaches the 1D limit for very long
models.
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Figure 2.17 Streamwise Interference of Rankine Ovals (t/H = 0.1)
in a Closed-Wall Tunnel

2.2.2.3 2D WAKE BLOCKAGE

In 2D flow the potential of a point source located at the origin is

1
m —
=——In{x* + B?z*)? 2.55
O =578 (x* +p*2%) (2.55)
where m, the source strength, is 1/2 U_c Cp. In terms of nondimensional co-ordinates £=x/BH and £=z/H,
the streamwise interference anywhere in the tunnel for a model centrally located between closed upper
and lower walls is given by

£= Cp N S
—47Fﬁ2 H_w §2+(C—n)2

nz0

(2.56)

The streamwise interference attains its maximum value far downstream of the model location, Figure
2.18. lts magnitude is consistent with 1D streamtube considerations: downstream of the model, the
tunnel cross-sectional area is decreased by the equivalent displacement area of the viscous wake plume,
so that the flow external to the wake must increase proportionately. In total, the image sources add
additional mass to the oncoming stream, so that the uniform velocities far upstream and downstream
cannot be equal. An interesting result for this singularity set is the non-zero interference far upstream of
the model. Formally, this physical paradox can be alleviated by providing each source with a
corresponding sink far downstream of the model, thus closing off each “wake body”. This array of sinks
produces an equal and opposite interference flow far upstream that restores the undisturbed onset
stream velocity.
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Figure 2.18 Streamwise Interference of a 2D Source in a Closed-Wall
Tunnel

A practical approach to wake blockage corrections takes the upstream interference to be zero. Because
the setting of tunnel speed commonly relies on a wall static pressure measurement upstream of the test
section, the influence of the model at this location is automatically included in the definition of
uncorrected tunnel speed. Therefore, the wake blockage interference at the model location should be
taken as the difference between the interference at the static pressure reference location and the
interference at the model location in Figure 2.18. If the upstream asymptote is used as a reference, the
interference at the model is

C, c
“TuTH

(2.57)

The streamwise gradient of wake blockage interference is a maximum at the model location and results
in a buoyancy force on the model. Differentiating the series expression for ¢ due to the source
representing the displacement of the wake, the same series appears as for solid blockage of a source
doublet, so that

0¢,.. Cp BHc
% T2 A G (2.58)
At the model location, £=(=0,
o€, T Cphe
a—ék = Eﬁ_[;ﬁ (2.59)

By symmetry, the interference upwash is zero along the axis of the tunnel and, in the vicinity of the
model, the interference upwash is directed from the walls toward the tunnel axis.
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2.2.2.4 3D SoLID BLOCKAGE FOR SMALL MODELS

In 3D flow, the potential of a source doublet is
Lo x
Ar 3
( e [32 2 ) 3

where r% =32 +2% and the doublet strength, m, is U_V, where V is the effective volume of the model.

¢, = (2.60)

Analogous to the 2D source doublet, superposition of a 3D source doublet and a uniform oncoming
stream represents the flow around a sphere whose radius (a) is related to the doublet strength by

U=2ra’U, (2.61)

The streamwise velocity due to this singularity is
e R (2.62)

For a rectangular tunnel, an array of image doublets placed as for the lifting case (but, unlike the lifting
case, all having the same sign) satisfies the closed-wall boundary condition at the walls. Using

L, = ~vBH as the reference length for nondimensional co-ordinates (£=X/BLyer, N=Y/Lrer, £=2/Lef), the
streamwise interference anywhere in the tunnel for a model located in the centre of a rectangular test
section is given by

3

A v |28 (A=) (T =)

€= —= T2 Z z s (2.63)
U, 4np (BH) bcans” [gz + (VA -mA) +(¢V4 —n)z]2

As for the 2D case (Fig. 2.15) the streamwise interference is a maximum at the model location, Figure
2.19, which increases the effective free stream, but with no consequent pressure buoyancy effect on the
model. By symmetry, the interference upwash is zero along the axis of the tunnel.

Evaluating the interference at the model location, £=n=¢=0, the classical result is recovered,
3
A2 n=0w0
& = £(0,0,0) = — 5 (BH)” > Z — (2.64)
e;clzj(;ingm__oo [m A2 +n ]

n=m=0

For an arbitrary axisymmetric body, a body shape factor, %, is defined (per Lock [22]; also Glauert [15])
so that the blockage velocity is

A 3/2
£ = TA( maximumj 2.65

0 C ( )
where C = tunnel area (= BH for a rectangular section), © depends on the shape of the tunnel and A on
the shape of the body. Using this definition of A, the far field is approximated by the flow around an
equivalent sphere of diameter tA'  where t is the maximum body thickness.
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Figure 2.19 Centreline Distribution of Streamwise Interference of a 3D Source
Doublet in Closed-Wall Rectangular Wind Tunnels

The effective volume can be calculated from the surface velocity distribution, V(s), using

trailing edge &S) [Z(S)] 2
u, ¢t

o0

A=4 ds (2.66)

leading edge
Glauert provides an approximation for the 3D case corresponding to Equation 2.51 in two dimensions,

47,
= F (2.67)

where Vj is the body volume.

2.2.2.5 3D RANKINE BODIES

The effect of body length is illustrated by results for the Rankine body, which is formed by the
superposition of an upstream source and downstream sink (of equal strengths) located colinearly with the
oncoming free stream. As in 2D flow, the source doublet is the limiting case as the source-sink
separation distance (2s) approaches zero. Keeping source strength constant, a closed body of
increasing fineness ratio results with increasing separation distance. The velocity potential of a source

and sink located on the x-axis at x=ts is

m -1 1
—+ (2.68)

(x+s) +[32r2)2 ((x—s)2 +ﬁ2r2)5

‘Pm=a (

where 7% = y2 +2z%. The streamwise velocity due to these singularities is given by




2-30

00 m

8x_47z: (

X X

(x+3s) +ﬂ2r2)5 ((x—s)2 +[32r2)E

(2.69)

Using L,,r = VBH as the reference length for nondimensional co-ordinates (£=x/BLyes, N=Y/Lrer, {=2/L1ep)

and for the singularity half-distance (c=s/fBLy), the streamwise wall interference for a Rankine body of
revolution on the centreline of a closed-wall rectangular test section is found by summing all the image

potentials,
3
A 2
E=—
4nf3’

h=00

. Z
U_BH ,~
excluding
n=m=0

[ E+o )

m=oo ¥ \/Z—mAz ﬁ—nzg

5 ) [(§+G) (n x—)6+(C ) ] | om0
L [(5—0)2+(nﬂ—mA)2+(§«/Z—n)2 5’ |

The longitudinal distribution of blockage interference along the centreline of the tunnel for several
Rankine bodies having a maximum diameter ratio t/Ls =0.7 is shown in Figure 2.20.
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Figure 2.20 Streamwise Interference of Rankine Bodies

(t/4/BH =0.1) in a Closed-Wall Square Tunnel

The effect of large body length may be understood by considering the limiting case of a very long body.
The flow between such a model and the walls is effectively 1D so that the interference at any station is
approximately the velocity corresponding to the decrease in flow area due to the model cross section. By

continuity,

(PUC) ream =P WU s 14, () C-A o ()

2.71)
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For small € and A,,.4/C the blockage (to first order) at the centre (assuming the maximum body diameter
occurs here) of a very long body is

A .
- maximum 2.72
€ (—[SZC ) (2.72)

In AGARDograph 109 the effect of body length on peak interference is given for a Rankine body in a
circular tunnel in terms of a modified tunnel shape factor. Figure 2.21 compares those results with similar
calculations for Rankine bodies in a square tunnel. The square and circular tunnel results correspond
very closely. The peak interference decreases significantly for model length ratios of practical interest.
Typical large models may approach and even exceed length ratios of 1. Reflection plane models (so-
called half-models) may approach length ratios of 2. The one-dimensional flow approximation is the
interference asymptote for large model length and corresponds very closely to the 3D interference results
for body length ratios above about 3. Results for a family of 2D Rankine ovals (#/H=0.7) are shown in
Figure 2.21 for reference.

08 \ 1D
(— 3D Rankine bodies in
circular tunnel
(AGARDograph 109)
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3D Rankine bodies
£ (tH = 0.1, BH = 1.0)
K
04 2D Rankine
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0.2
0.0 [ 1 1 1 :
0 1 2 3 4 5
L
H

Figure 2.21 Effects of Body Length on Streamwise Interference
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2.2.2.6 3D WAKE BLOCKAGE

In 3D flow, the potential of a point source is

Q,=- _"i__l___l (2.73)
4r (xz +B2r2)5
where m, the source strength, is 1/2 U_S Cp. The streamwise velocity due to this singularity is
u= % L (2.74)
ox 4rm (x2 +ﬁ2r2)%

As in the previous section, a 2D doubly infinite array of image singularities (see Fig. 2.7) satisfies the
boundary conditions for a rectangular closed-wall tunnel. Using L, = JBH as the reference length for
nondimensional co-ordinates (E=x/BLr, N=Y/L.er, (=2/L.r) as before, the nondimensionalised streamwise
interference anywhere in the tunnel for a model located on the centreline of a rectangular tunnel is then
given by

3

A2 C,8 =
-GS S : S
875[3 BH n=-0  m=—0 2 205
excluding [§2 + (T]\/Z— mA) + (C\/_/_l_ - ”l)

As for the 2D case, this formulation results in £=0 at the model location and a finite (negative) blockage
far upstream of the model, Figure 2.22. The interference at the model location relative to the velocity far
upstream is

C,S

& ="
* 4B°BH

(2.76)

Along tunnel centreline (n=(=0) the buoyancy due to the longitudinal gradient of wake blockage is found
(as for the 2D case) to be related to the solid blockage distribution,

oe,,. C,S(BH)"

The relationship between the longitudinal gradient of wake blockage and the value of solid blockage is to
be expected considering that the source doublet point singularity is the x-derivative of the velocity
potential of a point source. Thus, the second derivative (with respect to x) of the velocity potential of a
point source is the same as the first derivative (with respect to x) of a source doublet, except for the ratio
of the respective singularity strengths. Because the image systems are identical for the wake and solid
blockage cases, the interference flow fields will be related in this way.
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Figure 2.22 : Centreline Distribution of Streamwise Interference of a
3D Source in Closed-Wall Rectangular Tunnels

2.2.2.7 APPLICATION OF BLOCKAGE CORRECTIONS

The change of effective freestream magnitude at the model location necessitates correction of flow
reference quantities: velocity, Mach number, dynamic pressure, static pressure, temperature, density,
and Reynolds number. For small € (taken to be the sum of all model elements contributing to blockage)
and y=ratio of specific heats=1.4, linearised corrections are as follows:

U = U, (1+5) (2.78)
M, = M, [1+(1+02M,,” )e] (2.79)
Qoo = G| 1+ (2= 4,7 ] (2.80)
Peor = Punc(1-14M,, 7€) (2.81)
T =T (1-04M,, €) (2.82)
Perr = Puc(1- M, €) (2.89)
Re,,, =Re,,[1+(1-07M,, )e] (284

where the uncorrected flow parameters (subscript “unc”) are identified with the remote upstream
parameters (subscript “”) in the tunnel. :
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For smalt models in a linear streamwise static pressure gradient, the pressure buoyancy force acting on
the model in the tunnel is simply the product of the effective model volume and the gradient,
v dC, 2V ¢ ot
Se¢ d(x) ~ S¢ BL,, 9

AC, = - (2.85)

4

where &=x/BL.rand dC/dx is the externally imposed streamwise pressure gradient at the mode! location
and, consistent with the perturbation assumptions, C, is expressed as -2u/U.. For a closed-wall tunnel,
the measured drag of the model is increased, so that the necessary correction to drag is the negative of
the above incremental buoyancy force.

For the 2D situation, the corresponding buoyancy drag force per unit span is
4dC, 24 ¢ o€
’ d(f) = BH %

c

AC, =-

(2.86)

where £=x/BH and A is the effective cross-sectional area of the model.

2.2.3 WAKE BLOCKAGE CORRECTIONS FOR SEPARATED FLOWS

The problem of separated wakes, characterised by a free shear layer surface bounding a separation
“bubble” behind the model, was recognised by Glauert [15], who accounted for the increased drag
(attributed to blockage interference) due to separated wakes using an empirical factor n, which
represents the size of the separated wake. Investigation of the effect of separated wakes was stimulated
by the observed failure of classical interference theory for predicting tunnel constraints for flat plates at
large incidence. The model that forms the theoretical basis for this correction is shown in Figure 2.23 (for
2D flow). For incompressible flow, Glauert's corrected dynamic pressure is

-2
= [1— L] (2.87)
9 corr qunc n H B

where t is the thickness of the blunt base. In three dimensions, f and H are replaced by the size of the
separated wake at the body and C. For this case, Glauert quotes values of 1 as a function of t/c based
on experiments with three Joukowski sections, a Rankine oval, ellipse, circle, and a flat plate.

Maskell [25] revisited the problem in trying to resolve differences in high-lift characteristics of delta wing
models tested in different wind tunnels, especially beyond the onset of stall. For a flat plate normal to the

kU,
U, _f_—
H t
~ e

Figure 2.23 Model of Separated Wake Flow in a 2D Closed-Wall Tunnel
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flow (similar to the situation of Fig. 2.23), the corrected dynamic pressure is derived as

C,S
Geor = Gune| 1 +0— (2.88)
C
where 0, the blockage féctor for bluff-body flow, is given by
6= 1 (2.89)
I AES! '
The parameter k is related to the base pressure coefficient, Cpp,
C S
k*=1-C, =k |1+ —>—=— 2.90
pb c (kcz _ 1) C ( )

and the subscript “c” refers to corrected quantities. Maskell suggests use of the iterative formula
-1

1 C,S
(), -1 ©

to determine k,, where subscript “n” denotes the nth estimate of k.. For flat plates of aspect ratio
between 1 and 10, a value of 6 = 5/2 is given as unlikely to result in serious error. This appears to be a
consequence of the observed tendency of separated wakes behind rectangular flat plates toward axial
symmetry. For this value of 6, the resulting blockage interference is five times greater (in terms of
dynamic pressure correction) than if classical source-derived interference corrections were applied.

(k) =k*q1+ (2.91)

The extension of the above theory to a wing relies on the principle of superposition: it is supposed that
the effect of the separated wake of the wing can be treated incrementally in a manner analogous to the
normal flat plate. The most difficult part of determining this correction is evaluating the separated wake
drag contribution. That is, the model drag can be considered to be the sum of three contributions,

CDtotal = CDvortex + CDproﬁIe + CDseparated (292)

where the first term is the inviscid induced drag due to lift, the second is the attached boundary layer
profile drag, and only the third term is to be used in estimating the dynamic pressure correction due to
separated wake blockage. Determination of the separated wake term requires determination of the onset
of stall and a bookkeeping of profile drag and drag due to lift beyond stall.
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2.3 PANEL METHODS FOR CLOSED-WALL TUNNELS

Advances in computational fluid dynamics (CFD) have paralleled the phenomenal increases in
computational capability over the past 30 years. Even for simple model configurations in rectangular
tunnels, it may be argued that solution of the boundary value problem with specified normal flow at
control points at the wind tunnel wall is quicker and easier than calculation of the double summations of
the previous sections. Continuing advances in computing power have put simple panel solutions within
the capability of low-end engineering workstations and even personal computers.

With the maturation of production CFD codes and the development of custom wall interference codes,
the calculation of wall interference for large models within test sections of arbitrary shape (including the
effects of finite length) and with increasing accuracy with regard to the accounting of compressibility and
viscous effects has been made possible and, in many applications, routine. Further, it is but a short step
from the closed-wall boundary value problem to the ideal ventilated-wall boundary conditions (Sec. 3.2.3)
and next, to use of measured wall boundary conditions (Chapter 4).

This section is limited to the application of CFD to wall interference for inviscid, linear compressible flows
in closed-wall tunnels. As intended here, a “panel method” is any method in which the tunnel walls and,
in many cases, the model! are represented by singularity distributions on their surfaces. The singularities
are fundamental solutions of Laplace’s equation. Commonly used singularities include vortex lines for
vortex lattice codes, constant strength source or doublet panels for simple panel codes, and higher order
source or doublet panels for higher order panel codes.

The multitude of panel code applications to problems of wind tunnel interference precludes any attempt
of an exhaustive review. In this regard AGARD R-692 [1] contains comprehensive review articles
describing the wide range of interference problems and approaches in both Europe and North America.
Although dated, this reference accurately reflects accomplishments and future directions of interference
study in the premier aerospace laboratories of the participating countries. The problems identified at that
time have since been pursued with ever more powerful computational tools. This section reviews some
general principles of current CFD approaches, and provides a few examples that are indicative of typical
results. :

2.3.1 GENERAL CONSIDERATIONS

Evaluation of wind tunnel wall interference using a panel method provides advantages over classical
methods based on the method of images with regard to both model and tunnel representation. First, the
analysis of large and complex models is possible, though calculation of vortex wake trajectories and
modelling of large separated wakes remain as areas of difficulty. Second, a panel approach to modelling
the wind tunnel can directly address arbitrary cross-sectional shapes, streamwise variations of tunnel
area, arbitrary wall boundary conditions (both in form and spatial variations), and the presence of support
systems. The two main disadvantages (relative to simpler methods) are an increased complexity of
analysis, involving more effort for preparation of analysis inputs, and the requirement for perhaps
substantial computational resources.

A secondary disadvantage of pane! solutions is the particular nature of each solution. That is, each flow
condition (i.e., model configuration, position, attitude, and onset Mach number) requires separate
analysis; generalisation of results is not immediately possible from a single analysis. Although in many
cases linear theory may be used to establish typical parametric variations from the results of a single
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solution for small changes of configuration or flow condition, a number of analysis cases may be needed
both to verify classical trends and to capture variations of wall interference over the range of desired test
variables (angle of attack, lift coefficient, Mach number)..

The basic principles regarding the use of panel methods for interference calculation paralle! those for the
method of images. That is, the potential at any point in the flow is the sum of the potentials of all the
panel singularities. The panel code solves for the strengths of all these singularities, subject to boundary
conditions at each panel control point. The interference velocity potential of the walls is the sum of all the
wall panel potentials. The wall panels thus produce the same incremental flow field as the entire
collection of image singularities in the method of images. Zero interference around the model is obtained
in the degenerate case of zero panel strengths everywhere on the wall. This will occur if closed-wall
panels (with a 8¢/on=0 boundary condition) are disposed on an interference-free streamtube around the
model. Alternatively, zero interference is obtained if the boundary conditions at each panel provide the
interference-free velocity vector (i.e., due to the model alone), or simply if the walls are “far enough” away
so that disturbances at the model due to the wall are negligible.

Figure 2.24, Vaucheret [35], provides model representation requirements in terms of wing geometry for a
given error (0.03 deg/C,) in interference upwash prediction for a square test section with closed sidewalls
and porous floor and ceiling. This work indicates that a large range of sweep and span ratios are
adequately represented by an infinitesimal horseshoe vortex (2s/B=0, A=0). Representation of finite
wingspan captures a significant additional portion of the model wing design space, with wing sweep
modelling required only for very large sweep or span ratio. Boundaries excluding models of large
blockage and span ratios are also indicated.

A-~deg
" L_ 1 _J _a_ =10
% >0, A = O necessary ___Ef___
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30 - Transonic
N W transport
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Figure 2.24 Modelling Requirements for Wings (Vaucheret [35])

Representations of the test model have increased in complexity concurrently with computational
capability. The effects of finite model size can be represented by distributions of the fundamental model
singularities within the test section. In general, any body shape can be generated by a distribution of
source singularities. Similarly, any lift distribution can be approximated by a distribution of horseshoe
vortex singularities. The strengths of these singularities are specified for a given flight condition.
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Alternatively, model singularity strengths may be left as unknowns (requiring a corresponding set of
boundary conditions or constraints), so that the effect of wall interference on model loading is explicitly
calculated along with the interference field itself. Hybrid approaches are possible as well, wherein part of
the model aerodynamics may be specified, such as the net source strength corresponding to skin friction
drag.

For specified singularity methods, the model may be represented by a lumped parameter collection of
singularities or singularity distributions that mimic the theoretical far-field interference-free flow around the
model. To the extent that the distribution of singularity strengths represents the salient characteristics of
the test article in the tunnel (volume distribution, lift, drag, pitching moment, span loading, etc.), this
approach can be used to predict the interference of models that are not small. Complete image systems
are usually not used explicitly. Rather, the tunnel walls are represented by a distribution of singularities
located at the walls: source or doublet panels, or vortex lines, depending on the method. The closed-wall
boundary condition (0¢/0n=0) is enforced at control points at the wall, resulting in a set of linear equations
for the wall singularity strengths. The wall interference flow field is that part of the flow field due to the

‘wall singularities only.

If the model is panelled, model panel strengths add to the number of unknowns subject to satisfying
boundary conditions at the model surface. Leaving model aerodynamic loading as unknown is more
exact than a priori specification of model aerodynamics, because satisfaction of the boundary conditions
at the model includes the effect of the tunnel walls. In principle, this influence can include a change in
separated wake shape if an appropriate wake model is implemented (Chapter 6). If model panelling is
sufficiently dense, leaving model singularities as unknowns also permits the evaluation of interference
from integrated model characteristics calculated both in the tunnel and in free air. Panel generation for
straight, closed-wall tunnels with parallel walls is straightforward; panelling of the model, a variable-
section tunnel, or a support system may require significant effort.

The issues facing an analyst using a panel method for wall interference prediction may be categorised as
relating to:

1) Problem formulation: specification of boundary conditions may put the existence or uniqueness of
a solution in jeopardy.

2) Tunnel panelling: tunnel length, circumferential and longitudinal panel density.

3) Model representation: number and distribution of singularities; panel density.

The computational approaches to wall interference calculation described here are in large part based on
the use of flow codes developed for the analysis of so-called external flows. Their application to internal
flows, such as the wall interference problem, usually involves embedding the tunnel in a uniform onset
stream. As discussed by Holt and Hunt [19], using these methods to solve for the flow with both internal
(the model) and external (the walls) boundaries cannot be done with impunity. Indiscriminate application
of boundary conditions can result in uniqueness and existence problems for the sought-after solution.
For example, a tunnel having closed and paralle! walls may be modelled as a panelled prism with
upstream and downstream faces normal to the tunnel axis. However, the normal flow on each of these
faces cannot be independently specified. The panels representing the tunnel walls have a specified zero
normal flow, so continuity of mass requires that integrated inflow to the tunnel must equal integrated
outflow. Holt and Hunt address this problem by placing the wind tunnel, modelled as a long open-ended
tube, in an external uniform flow field and parallel to it. Other variations on this approach may be code-
dependent, but typically involve specification of flow at one end of the tunnel, either explicitly or implicitly.
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Figure 2.25 summarises the boundary conditions for a wind tunnel analysis using a panel code similar to
PANAIR (Magnus and Epton [24]).

Tunnel wall

Tunnel walls trailing wakes (to «)
dn=0o0rRix+¢n=0
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$=0 (a) Complete tunnel Plane of symmetry
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(b) Inlet barrier (c) Test section

Figure 2.25 Boundary Conditions for a Tunnel Analysis Using PANAIR

Tunnel panelling should be guided by the usual common-sense panelling rules. Panelling should be
dense enough to capture the flow features of interest. A simple check consists of increasing panel
density until the solution stops changing. To represent the theoretical infinitely long tunnel, a panelled
tunnel must be long enough that flow perturbations due to the model are negligible at the upstream end.
Inspection of wall panel strengths and verification that they approach the desired zero upstream
asymptote of the ideal long tunnel are recommended checks of any new solution. Evaluation of the
uniformity of the incoming flow field at the upstream end of the tunnel is an additional check of the
adequacy of upstream tunnel length. Downstream of the model similar considerations apply, though flow
perturbations due to the model cannot be expected to disappear because of the convected model wakes
(both vortex and viscous). However, the flow should approach an asymptotic state in the downstream
direction as well. Again, inspection of wall singularity strengths or the flow field can indicate the
adequacy of downstream tunnel length.

Similar considerations govern the specification of model singularities or panels. The safest approach is
to increase model singularities (panels) until the calculated interference stops changing. If details such
as changes in spanwise or chordwise wing loading are desired, model panelling must be as detailed as
would be required of a free-air analysis.

Besides comparison of interference results from a panel method to classical results, other common-
sense checks can lend credence to a particular panel solution. For closed-wall tunnels the walls should
not leak: the massflow entering the tunnel at the upstream face plus any flow added at the model location
should equal the massflow leaving the tunnel at its downstream end. Loss (or gain) of mass through the
tunnel walls may be due to insufficient wall pane! density, an error in panelling such as a reversed
specification of panel normal vectors (conventionally, positive normal vectors point into the flow of
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interest), or an improperly specified wall boundary condition. Another global “reasonableness” check of a
closed-wall solution is the expected relationship of model lift to integrated pressure force on the walls:
these should be equal and opposite. For ventilated walls similar considerations apply, but the
momentum flux of the flow through the walls must also be included.

2.3.2 2D INTERFERENCE

Many advancements in wall interference technology were pioneered in the 2D domain due to its relative
simplicity before similar techniques and approaches were applied to 3D flows. Analytic methods for 2D
flows are more tractable; for example, complex variable techniques may be applied. For panel methods,
the main advantage of 2D flows is computational simplicity due to greatly reduced problem size (i.e.,
number of unknowns). From the experimental standpoint, the primary advantage (for wall interference
purposes) of the ideal 2D test set-up compared to a 3D test set-up derives from the fact that
measurements and wall boundary adaptations are functions of only the streamwise co-ordinate. Thus
both the number of measurements and the computational requirements to assess and reduce
interference are typically at least an order of magnitude smaller than for a 3D test set-up.

Unfortunately, two factors conspire against the apparent simplicity of a 2D test: two-dimensionality of
model disturbances and the model interaction with tunnel sidewall boundary layers. In two dimensions,
flow disturbances due to a source doublet, for example, decrease as the square of the lateral distance
from the model, compared to the cube of the lateral distance for a 3D doublet (see Sec. 2.2). Thus, the
fiow perturbations at the walls are larger for typical 2D cases than typical 3D cases, resulting in larger
interference, and requiring the use of non-linear flow equations at much lower upstream Mach numbers.
The sidewall boundary layer is more insidious because its response to the model pressure distribution
can result in effectively a wavy sidewall, thus violating the required symmetry condition for planar flow.
This issue is discussed in GARTEUR [14] and Mokry et al. [26]. Barnwell [6], Barnwell and Sewall [7]
and Murthy [27], [28], [29] and [30] describe flow models for estimating the interference effects of the
sidewall boundary layer.

Holt and Hunt [19] describe several applications of panel methods to wind tunne! interference problems.
For 2D flows, a direct panelling approach was abandoned (due to “leakage” problems, unless a very
dense panelling was used) in favour of a panel method using a standard Schwartz-Christoffel
transformation. The airfoil has a 2-ft chord, a thickness ratio of 7%, and a chord-height ratio of 2/7. For
2D high-lift testing, it is shown that the lift curve of a clean airfoil is adequately corrected to interference-
free conditions using classical corrections. With flaps deflected, however, classical corrections are
shown to result in lift corrections 2-5 times greater than corrections deduced using a panel technique. In
these calculations, leading-edge flap incidence was explicitly varied to match leading-edge pressure
peaks to free-air calculations in order to produce an incidence scan at fixed flap angle.

2.3.3 3D LIFT INTERFERENCE

Joppa [20] describes a vortex lattice method for the calculation of upwash interference in closed-wall
tunnels of arbitrary cross section, Figure 2.26. The walls are represented by a tubular vortex sheet
composed of a network of square vortex rings. Results are shown for a uniformly loaded, finite-span
horseshoe vortex centrally located in circular, square, and rectangular (B/H=5/3) tunnels. The longitudinal
variation of interference essentially duplicates the result from the method of images for the square tunnel.
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-+ Control points
Walls modeled by square vortex rings

Figure 2.26 Vortex Lattice Representation of a Rectangular Tunnel with Corner Fillets (Joppa
[20])

A panelling density consisting of 16 segments to represent the tunnel cross section was found to be
adequate. Consideration of the longitudinal variation of calculated vortex strength at the walls suggests
that the presence or absence of tunnel walls more than about a diameter upstream or downstream of the
wing contributes little to the solution at the model. It is concluded that a length to diameter ratio of 3 to 4
is ample (for a vortex span ratio, 2s/B=0.4). The method is used to calculate the upwash wall
interference downstream of the wing, with stations above and below tunnel centreline representing typical
tail locations (Joppa [21]). The effect of wake displacement was investigated and found to be significant
with regard to upwash at the tail. It is concluded that wall-induced velocities cause the vortex wake to be
deflected less than in free air, with the direct result that the upwash change at the tail due to the in-tunnel
wake position may be of the same order as the usual wall interference upwash. This effect may be either
positive or negative depending on tail location.

Holst [18] presents results comparing upwash variation as a function of wing sweep angle for constant
and elliptic lift distributions using the method of Joppa [20]. Increasing root-to-tip upwash variation with
increasing sweep angle, Figure 2.27, is expected given the longitudinal variation of upwash interference
in closed-wall tunnels.

Holt and Hunt [19] give an example of a typical panel analysis of a tapered swept wing at 15 deg
incidence of span ratio 2/3 in a rectangular tunnel. Their results illustrate both the effect of wall
interference and of wake relaxation on span loading. The suppression of wake downward drift by closed
wind tunnel walls is recognised as a potentially significant source of interference, especially for close-
coupled configurations (e.g., canard-wing). It is noted that proper comparison of in-tunnel and free-air
panel solutions to extract wall interference depends on consistent assumptions for the wake modelling.
This work also iliustrates a logical extension of the use of panel methods for wall interference evaluation:
analysis of the complete testing environment including model supports.
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Figure 2.28 Complete KKK Wind Tunnel Panelling (Steinbach [33])
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Steinbach [33] reports results of a panel analysis that further extends this approach in representing a
complex test environment: the entire test leg, including aeroplane mode! and the sting support system, is
panelled, Figure 2.28. The interference contributions of individual tunnel elements are compared.
Calculated lift, drag, and pitching moment corrections due to the support system for a fighter model are
“found to be larger than corrections due to the walls.

With regard to experimental validation of a panel method for lift interference prediction, Vaucheret [36]
compares incremental wall pressures due to model lift for the ONERA M2 model and demonstrates good
agreement with predictions at an upstream Mach number of 0.81.

The interference of delta wings has been calculated using a free vortex sheet code (Frink [12]). The
effects of span ratio and angle of attack are investigated. A dependence of lift interference on angle of
attack is found and shown to be the result of the nonplanar vortex wake. The effects of tunnel walls on
vortex sheet position and on upper surface pressures are also calculated.

A method exemplifying a hybrid of the method of images and panel methods is reported by Fiddes and
Gaydon [11]. The test model and its first few images are panelled explicitly, permitting a relatively coarse
wall panelling (Fig. 2.29). Engineering Sciences Data Unit Item 95014 provides upwash interference
factors calculated using this method for a wide variety of wing planforms and span ratios in closed-wall
rectangular tunnels. Chordwise and spanwise variation of the upwash interference factors, as well as
average values, are given for wings of zero thickness centrally located in the tunnel. Cases include span
ratios, 2s/B=0.4, 0.6, and 0.8, for tunnel aspect ratios, B/H=10/7, 1, and 0.7.

First-order images
: (4 places)

Mode! wing in Wall panels
test section
w
W

Figure 2.29 Hybrid Panel/lImage Method (Fiddes and Gaydon [11])

2.3.4 3D BLOCKAGE INTERFERENCE

Vaucheret [36] presents interference results using a multiple-singularity method whereby the adequacy of
model representation is evaluated by inspection of wall pressures. A rule of thumb is proposed for
ellipsoids: the number of source doublets should be at least twice the fineness ratio. Good
correspondence of measured and predicted Mach number at the wall is shown for a missile configuration
represented by 30 doublets. The effect of the model support sting is evaluated by additional doublets.
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The adequacy of modelling is validated by comparison of experimental and predicted wall pressures (Fig.
2.30).

S$3Ma Wind Tunnel, M = 0.83

ONERA mode! M2

C — 9

Model
area ~ dm
0.2
0
0 0.2 04 X~m
M- My,
-~ Theory: model = 1 doublet
SN /-
// \
’ \\
7
1 \ Theory: model : 20 doublets
/ sting  : 15 doublets
0.01 — ./— Experiment
VN
\\ \
N\ . .
\ . Theory: model : 20 doublets
AN \(_ sting  : 0 doublets
AN .
e ~.
N ~
,/ \\
o =" \\~
0

Figure 2.30 Wall Pressures due to Model and Sting in a Closed-Wall Tunnel (Vaucheret,
[36]) "

Figure 2.31 shows the panelling of several axisymmetric bodies used as validation cases of a panel code
calculation of wall interference. The maximum diameter of the bodies is about one-fifth the height of the
tunnel. Figure 2.32 compares the results of blockage calculations for a Rankine body in rectangular
closed-wall tunnels using a higher order panel code (Magnus and Epton [24]) to the method-of-images

Rankine Body
Rpax =11
L=17# . '
V, =485 13
-4————— Test section extends upstream and downstream —_— BH=1.0 BH=20

for a total of 4 body lengths

Figure 2.31 Rankine Body in Closed-Wall Rectangular Tunnels
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calculations. Both the maximum value of interference and the distribution along tunnel centreline are
essentially identical for these two methods. Interference predicted by classical methods for small models
(Glauert, [15]) also agrees with these predictions if the finite-length body correction (Fig. 2.21) is applied
to the Rankine body.

0.030 -
0.025 [, T Glavert (1933), small LM
. BH=1.0 4. Corrected finite body length
' Method of images
----- Panel code
0.020
j 4
E
0.015 1
BH=20
0.010 1
0.005 1
|¢——— Rankine Body ———
0.000 T 7 T T T 1
-200 «100 0 100 200 300 400

X ~ Inches

Figure 2.32 Blockage Interference of a Rankine Body in Rectangular Wind Tunnels,
' LIH=15 M=0

2.3.5 3D Wing-Body Combinations

The magnitude and importance of upwash wall corrections have served to focus many analysis efforts on
the lift interference problem in isolation. Thus, factors bearing on upwash interference, span ratio, span
loading, wing planform, and wake trajectory, have been reported extensively. The examples discussed in
previous sections are representative but by no means exhaustive. Several citations also address lifting
systems in combination with a blockage body and wake or sting system (e.g., Vaucheret and Vayssaire
[35], and Vaucheret [36], are exemplary in discussing the spectrum of wall interference corrections in
both closed-wall and ideal ventilated-wall tunnels).

High-lift testing of transport configurations is crucial for the development of muiti-element high-lift
systems. Lynch [23] gives an example of panel-code predictions of leading-edge slat pressure
reductions due to the influence of closed wind tunnel walls. Because of the sensitivity of flow
breakdown on the slat to this pressure minimum, wall interference can have a significant effect on
maximum attainable lift.
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Figure 2.33 : Panel Study of Interference in Closed-Wall Tunnels (Amonlirdviman [4])

A similar computational study of high-lift transport configurations in closed-wall tunnels
(Amonlirdviman [4]) Figure 2.33, quantified the spanwise interference variation at the wing for a
variety of model-tunnel combinations. Both full and half-models were analysed. Full models were
analysed with and without support strut fairings (shown in Fig. 2.33). Increased upwash and
blockage interferences on the outboard wing are indicated for span ratios greater than 0.7, Figure
2.34.

A CFD study of a transport high-lit model in the Defence Research Agency (DRA) 5-meter, high-
Reynolds-number wind tunnel was performed to validate the basic wall corrections used to reduce the
wind tunnel data, to examine the spatial variation of the interference field, and to evaluate mounting
system interference effects (Curtin [9]). The model is mounted at the tunnel centreline using a floor-
mounted strut system and was analysed at two angles of attack, 6 and 15 deg. A side view of the
panelling, Figure 2.35, shows the wing-body-nacelle model at 15 deg, the support strut, strut windshield,
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Figure 2.34 : Spanwise Variation of Upwash Interference (Amonlirdviman [4])

and floor and ceiling locations. The pitch link was not included in the panelling. The interference upwash
angle and dynamic pressure ratio for a case with no mounting system, Figure 2.36, exhibit considerable
variation over the wing planform. Upwash spans a range of over 1 deg from the leading edge of the wing
root to the wingtip, with the tip at a higher angle of attack (therefore prone to premature stall in the tunnel
relative to free air). The spanwise variation of blockage interference likewise increases the effective tip
loading relative to free air. The span load in the tunnel reflects these effects, Figure 2.37. The
interference velocity components, both streamwise and upwash, were evaluated at the 3/4 mean
aerodynamic chord location. The streamwise interference velocity at this point was found fo be different
for the two angles of attack, with dynamic pressure ratios of 1.0093 and 1.0121, respectively. Using
these values to compute model lift coefficient at each condition, the resulting lift interference parameter is
80=0.1394. These estimates compare to values of 8,= 0.1463 and dynamic pressure ratio=1.0147
(independent of angle of attack) derived by classical means.

An example of the use of CFD to evaluate test section design concerns the effect of corner fillets on wall
interference. The interference of a transport half-model in a proposed large low-speed tunnel was
evaluated using a panel code, Figure 2.38. Interference at the model centre is reasonably represented
by classical methods, Figure 2.39; even the incremental differences due to fillet size are qualitatively
captured. Interference at the wing, Figure 2.40, shows significant deviation of interference from




2-48

centreline values, especially for the wingtip tip. Interference along an axial line through the mean
aerodynamic chord is very similar to centreline values. Interference along an axial line near the wingtip
reflects the calculated spanwise variation of interference.

Tunnel ceiling

L . o Tunnel floor

Figure 2.35 Panelling of Transport Model in DRA 5-m Wind Tunnel with Support Strut and
Windshield (Curtin [9])
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Figure 2.36 : Interference of Transport Model in DRA 5-m Wind Tunnel;
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Figure 2.39 : Effect of Corner Fillets on Centreline Interference of a Subsonic Transport
Model in a Closed-Wall Tunnel; B/H = 5/3, S = 129.43 ft*, 2s/B = 0.8, C_ = 1.86
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Figure 2.40 Wall Interference Variation at the Wing of a Subsonic Transport in a Ciosed-WaII
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2.3.6 SUMMARY OF PANEL METHODS

Panel methods for closed-wall tunnels have been used in a broad range of applications.
Correspondence of wall interference from panel methods and classical methods has been demonstrated
for small models. Unless extreme accuracy is required, classical methods are adequate for small
models. The distribution of interference for large models (with no substantial separated flow) is credibly
represented by panel methods at low subsonic Mach numbers, though in extreme cases the correctability
of the flow field may be in question. The degree of correctability may be assessed by examination of the
interference flow field. A computational approach for dealing with such issues has emerged as a force-
correction method (Rueger et al. [32]) whereby. CFD produces incremental corrections to model
integrated forces and moments. To the extent that both the flow physics and the wall boundary
conditions are accurately modelled, this approach can extend the correctability of model data beyond the
boundaries of linear theory.

The use of panel methods to predict wall interference has in many cases supplanted classical techniques
for closed-wall tunnels. The use of CFD for wall interference evaluation has further evolved along two
paralle! and complementary lines: more accurate specification of the wall boundary conditions and more
accurate representation of the fluid physics. Wall boundary condition descriptions have moved toward
one- and two-variable methods described in Chapter 4. Improved flow physics modelling includes the
treatment of separated wakes (Chapter 6), vortex wake relaxation techniques, and the inclusion of
compressibility in the flow equations for high-speed flows (Chapter 5). Such advanced methods are
required for accurate interference predictions when these flow phenomena dominate the flow near a
model that is “not small” relative to the tunnel. These methods are characterised by increased
computational complexity and the requirement of measurements at the walls. Their use may also
surrender the simplicity of the principle of superposition, a significant feature of linear potential flow. The
success of panel methods over a wide range of subcritical flow conditions suggests their use not only in
routine testing applications within their accepted range of validity, but also as a touchstone against which
advanced methods may be tested.
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2.4 CrLAssICAL CORRECTIONS FOR OPEN TEST SECTIONS

2.4.1 INTRODUCTION

When Ludwig Prandtl started scientific aerodynamic work in wind tunnels about in 1915 at Géttingen, he
designed his first wind tunnel with an open test section and a circular nozzle with 2.24 m exit diameter.
Without doubt the open test section offers some advantages to the wind tunnel engineer. He enjoys the
free accessibility to the test section flow, the easy installation of model suspensions and the simple
installation of flow survey probes.

Nevertheless some twenty years later a different and more modern wind tunnel design standard was set
mainly by Frank Wattendorf in the United States, which heavily influenced wind tunnel design all over the
world. The closed test section was introduced. The advantage of a reduced power consumption,
improved flow quality due to the smooth flow at the walls and a more precisely defined boundary
condition of the test section flow, which made more precise wall corrections possible, outweighed the
disadvantage of less comfortable accessibility. So today the closed wall test section dominates at least
the aviation wind tunnel design. For a long time in Germany this was not the case. The authority of
Ludwig Prandtl was so strong, that even the first low speed tunnels built in Germany after the war (and
after the death of Ludwig Prandtl !) in about 1955 still were designed with open test sections.

For identical model dimensions generally the wall corrections are smaller (and have opposite sign) for
open test sections than for closed wall test sections. Nevertheless the closed wall offers more precise
wall corrections because of the more precise definition of the wall boundary condition.

Open test sections are still widely used in the automotive industry. The simple reason for the preference
of the open test section is that automotive engineers prefer to test full scale cars instead of down-scaled
models. Nevertheless for financial reasons these automotive tunnels are built too small at least according
to the standards of aeronautical aerodynamicists. In a closed test section this size of ,models" would
result in severe flow field disturbance or even flow breakdown. The open test section is more forgiving
and allows meaningful measurements even with blockage ratios, which are never used for aeronautical
testing. In consequence the automotive engineers have a lot of trouble with wall corrections for large
blockage ratios with bluff bodies, but this is not the general subject of this AGARDograph. For a more
detailed analysis of bluff body corrections see chapter 6 of this AGARDograph.

In the recent past a new challenge in the wind tunnel technology brought the open test section back into
the wind tunnel engineers’ field of vision. Aeroacoustic testing becomes a more and more important part
of low speed wind tunnels work load. At least at the moment the open test section, which shows no
reflection of acoustic waves from the test section walls, is superior for aeroacoustic testing. It is easy, to
equip the plenum around the open test section with sound-absorbing walls, which resuits in a very quite
wind tunnel. Fortunately these aeroacoustic tests do not require ultra-precise wall corrections.

So the open test section wall corrections are less important at least for the aeronautical wind tunnel work
and in this AGARDograph only a simple overview is given, which is more or less a condensed version of
the open test section comments in the AGARDograph 109 [13].

In the wind tunnel literature sometimes the ,% open wind tunnel” is mentioned. In most cases this term is
used for automotive tests in open test sections with a closed floor, which represents the road. With
respect to wall corrections the term ,% open test section” is misleading. The closed floor of the test
section is not a wall, which produces wall interference, but is part of the model configuration. So this test
set-up is nothing else than an open test section. All formulas or methods for wall corrections can be
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applied to this test set-up, if the total arrangement is reflected against the floor. The resulting test section
with twice the height and two cars and a horizontal symmetry plane in the middle of the test section can
be treated with normal open test section correction methods.

The basic principles of the classical wall corrections outlined in chapter 2.1 are valid for the closed
test section and for the open test section as well. As mentioned already in chapter 2.1.3 the only
difference is the wall boundary condition. The boundary condition of the closed wall is the non-
existence of velocity components normal to the wall, which results in

99
P
The boundary condition of the open test section is a constant pressure at the jet boundary, which

corresponds to the static pressure of the plenum surrounding the test section. This boundary
condition results in

(2.93)

% _

5 (2.94)

In the AGARDograph 109 some remarks and formulas are given for the corrections of two
dimensional wings spanning open test jets. Since test set-ups like this totally disappeared from the
aeronautical wind tunnel testing practice, this case is not mentioned here.

2.4.2 LIFT INTERFERENCE

The equations 2.27, 2.28 and 2.29 are valid for open test sections as well. According to the work of
Theodorsen (1931) the result for the upwash interference is

8, =6(0,0,0)=— io ?( 1)'" Ll (2.95)

2
[ P + n ]
excluding
n=m=0

The analogous expression for the upwash gradient at the mode! location becomes :

a8 2 e o mhAT -2’
8,000 =550 =g 45 Sy ma (2.96)
0.0,0 Zx_c_lzfimg — [ A +n2]2
n=m=0

The application of upwash corrections is described in section 2.2.1.4. The correction formulas are :

Cromw =Crpec0sAO-Cp, sinAa=C,,. (2.1)
Crowr =Cpume C0sAa+C,, snAa=Cp,, . +C,, Ao (2.2)
S

Aa =0, Pl Clom (2.3)
The additional correction for the streamline curvature is given by equation 2.39 for the angle of attack :

Ao+ A (6 c 6) 5C e 2.4

o, =0, +Aoa+Aa, =0, +|0,+ :
corr unc sc unc 0 ZBH 1 C ( )
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and by equation 2.40 for the pitching moment :

. & 8C,, oC,
- '16BH C oo

AC,, (2.5)

Figure 2.41 [13] shows the lift interference on small wings in open and closed rectangular tunneis
for comparison. In this figure the lift interference parameter is shown also for test sections with top
and bottom wall only (type 3) and for test sections with side walls only (type 4). Such test sections
are no longer used in wind tunnel practice.

For wings with finite span the lift interference parameter & is given in Figure 2.42 '. These data are valid
for uniform spanwise loading of the wings. The lift interference parameter is plotted against the ,Effective
span/Tunnel width” ratio; the parameter A is the ;height/width” ratio of the open test section.
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Figure 2.41 : Lift interference on small wings in Figure 2.42 : Values for 3 for a wing with
rectangular tunnels uniform loading in an open rectangular jet

If the wing is displaced above or below the centreline of an open test section, the lift interference
parameter may be taken from Figures 2.43 and 2.44. Figure 2.43 is valid for a square jet. Figure 2.44
gives the lift interference parameter for an open test section with a height to width ratio of 0.5.

! The Figures 2.42 to 2.50 were taken from [31]
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Figure 2.45 : Lift interference parameter for a wing
with uniform loading in an open elliptical test section

for wings displaced above or below the
tunnel centreline. Rectangular jet, A = 0.5

A limited number of old wind tunnels with open
circular or elliptic test sections are still in
operation. For wings on the tunnel centreline with
uniform loading Figure 2.45 gives the lift
interference parameter for this test section
configuration. In this figure the parameter A = 1.0
designates a circular jet.

Figure 2.46 gives the lift interference parameter
for elliptic open test sections with a width/height
ratio of 2 : 1 for wings with uniform loading
displaced from the centreline of the test section.
Finally Figure 2.47 gives the lift interference
parameter for wings with elliptic loading in
circular and elliptic open test sections.
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Figure 2.47 ; Lift interference parameter for wings with
elliptic loading in open circular/elliptic test sections

For the downwash correction at the tail of a model an additional correction factor 1, can be defined. At a
distance [ ; behind the quarter-chord line of the wing the boundary induced downwash w, is :
S
w, =5ECLW(1+T2)V (2.97)

For open test sections, some doubts exist about the validity of this correction if the tail length of the
model is more than 40 % of the test section width.

Values for the downwash correction factor t, are given in the Figures 2.48 to 2.51.
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243 BLOCKAGE CORRECTION

As for a closed tunnel, the boundary condition of a small model at the centre of a square open jet can be
represented by an infinite set of images. In this case the signs of the doublets alternate, so the
interference velocity at the models position is smaller than in the case of closed walls and of opposite
sign. For the square open test section case in [13] (after Lock [23]) equation (2.98) is given, which in
terms of model volume and with allowance for compressibility effects results in the simple equation

(2.99).
4V
g = r(h—;”j A (2.98)
g, =-021 1—[;713— (2.99)

For rectangular open test sections Wuest [37] evaluated values for ¢ :

- %
S ZZ(—l)"’*"(—Lhz) (2.100)

I pRTCI

The results are plotted in Figure 252",

-0:50 - -
r=2%’—r is defined
in equation (2.100)
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Figure 2.52 : Tunnel-shape parameters for small models
in open rectangular tunnels

' The Figures 2.52 and 2.53 are taken from [13]
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For circular open test sections Lock [22] gave an equation

4.V |
g, =-020 vl A, (2.101)

where 13 is given in Figure 2.53.

A, is defined in [22]
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Figure 2.53 : Body-shape parameter

A more simple equation for circular open test sections in terms of Mach number, tunnel diameter and
model volume is

Vo1
& =—0.0333F-F (2.102)
For the few tunnels with elliptical open test sections still in operation one may use the equation
3
1Y: v
g, = (T, + 0'029)(?5] I (2.103)

where Ty can be taken from Figure 2.52 for a rectangular open jet with breadth/ height ratio equal to m/n
and C= Yiwmn.

244 WAKE CORRECTION

Little is known about wake blockage effects in open test sections; in most cases they are considered to
be negligible. A sophisticated theoretical investigation is hardly worthwhile, since in any case the wake
blockage effects will be disturbed by the wind tunnels individual collector inlet effects.
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NOMENCLATURE FOR CHAPTER 2

A = effective cross-sectional area of 2D model = Ap + added-mass area
A = rectangular tunnel aspect ratio = B/H

Ay = dimensional cross-sectional area of 2D model

An = maximum transverse cross-section of model

a = body radius

= tunnel breadth
c = cross-sectional area of test section
Cp = drag coefficient
Cs = drag coefficient for 2D model
C = lift coefficient
Cw= lift coefficient of wing
= lift coefficient for 2D model
= pitching moment coefficient
= pressure coefficient

G

Cwm

Cp

¢ = airfoil chord

c = mean aerodynamic chord

d = distance of 2D vortex from the floor

f = body fineness ratio

H = tunnel height

K = nondimensional body shape factor; nondimensional factor for interference parameters;
singularity strength

= base pressure parameter

model span ratio (£ffective span
Tunnel width

X
n

= length; wing lift

= Mach number

= source strength

major axis of elliptical tunnel

= spatiél co-ordinate normal to the test section wall
= minor axis of elliptical tunnel

= static pressure

Qv 3333 -
0

= dynamic pressure

Py
®
1

Reynolds number

3
@
x

= maximum body radius
ro= cylindrical co-ordinate = (y + )"
= wing reference area

wing or vortex semi-span

v u v
I

= source-sink separation distance for Rankine ovals and bodies




T = static temperature
t = maximum thickness
U = streamwise velocity
u, = upstream reference velocity
u = perturbation x-velocity
vV = total velocity vector = V& for potential flow
vV = velocity magnitude
vV = effective model volume in 3D =V, + added-mass volume
Vo = dimensional volume of 3D model
v = perturbation y-velocity
w = perturbation z-velocity
Wy = downwash correction at tail position
= streamwise spatial co-ordinate
= spanwise (or lateral) spatial co-ordinate
z = vertical spatial co-ordinate
Greek Symbols
o = angle of attack
B = Prandtl-Glauert compressibility factor = (1 - M)
y = vortex strengthin2D =1/2 U_¢ C,
I's = vortex strengthin 3D =1/4 U_S C,
8 = lift interference parameter
8 = lift interference parameter evaluated at the model centre
8 = upwash interference due to blockage
& = streamwise curvature interference parameter
g = blockage interference ratio = u; / U_
g = streamwise interference due to lift
£ = nondimensional vertical co-ordinate = z/ L ¢
6 = blockage factor for bluff-body flow
A = wing sweep angle
A= body shape factor
A= test section height/width ratio
po= doublet strength
n = nondimensional spanwise co-ordinate = y/L ¢
n = empirical factor for separated wake interference
E = nondimensional streamwise co-ordinate = x/BL.s
p = fluid density
c = nondimensional wing or vortex semi-span
T = tunnel shape factor
o = total velocity potential
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o = perturbation potential

Qm = perturbation potential due to the model
Qw, O= perturbation potential due to the walls (= interference potential)
Subscripts

b = base

c = corrected

cormr= corrected

i = interference

m = model

n = normal

ref = reference

unc= uncorrected

w = walls
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3. CONVENTIONAL CORRECTIONS IN VENTILATED TEST SECTIONS

Prior to the 1940s, closed-wall wind tunnels, and to a somewhat lesser extent, open-jet facilities, were the
standard types of ground-based aerodynamic testing facilities. As described in Chapter 2, the
fundamental characteristics of wall interference of small models in incompressible flow in these types of
tunnel were established by the mid-1930s, e.g. Glauert [25]; Theodorsen, [62]). These analyses of lift
and blockage interference in closed-wall and open-jet test sections predicted corrections of opposite sign.
Reasoning that walls of some intermediate geometry would therefore minimise the interference, testing
with walls having a mix of open and closed elements was undertaken.

Concurrent with these developments in testing methodology, the maturation of the applied aeronautical
sciences (aerodynamics, structures, propulsion) was enabling flight speeds approaching the speed of
sound. Investigation of aerodynamic characteristics of flight vehicles in closed-wall tunnels encounters
serious difficulties in this speed range. Extremely small model sizes are required to avoid sonic choking
of the flow around the model in a closed-wall test section. One-dimensional compressible flow
relationships provide the limiting case of maximum model cross-sectional area for choked flow: for
example, a model with an area blockage ratio of 0.01 permits a maximum upstream Mach number of only
about 0.89. This problem is manifested even in linearised compressible flow, for which the Prandtl-
Glauert compressibility transformation results in blockage interference velocities increasing like 1/p°
(Goethert [26]). The theoretical singularity at Mach = 1.0 (due to linearisation of the compressibility
effect) is consistent with experimental difficulties experienced at high-subsonic test Mach numbers.

An unexpected consequence of testing with walls comprising both open and closed elements was a
substantial increase in achievable upstream Mach number before the onset of sonic choking around the
model. This discovery led to a new paradigm for wind tunnel testing at speeds where compressibility is
no longer negligible: the ventilated wall. Two basic wall geometries have emerged as preferred ventilated
wall types: slotted walls, comprising solid wall areas (slats) alternating with longitudinal slots, and
perforated walls, which are characterised by a pattern of holes in an otherwise solid wall surface. Most
commonly, the test section is surrounded by a single large open plenum chamber assumed to be at a
constant static pressure that is usually used as the tunnel Mach number reference pressure, Figure 3.1.
This plenum chamber may be vented at its downstream end to the test section diffuser through a
variable-geometry re-entry flap system, or may be actively pumped by a plenum evacuation system
(PES) which typically can remove up to several percent of the tunne! mass flow from the plenum, usually
to be reinjected elsewhere into the tunnel circuit. Use of a PES is especially advantageous in the
transonic speed range to maximise

clear tunne! flow uniformity, to assist Contraction Plenum chamber (p = pref)
expansion of the upstream flow to Closed re
supersonic test Mach numbers, and walls

Diffuser
to help offset the adverse effects of \\ /
wake blockage in the downstreem —  ~(F_11 _ _ _ _ _ _ ~L
part of the test section. > y4 i
X

Experience with slotted walls has led

to their use primarily for subsonic /— / K [~
Perforated walls are

testing.
preferred in the near-sonic and low- Ventilated —/ 52’2:1?
supersonic speed range, due to their walls y

ability to attenuate shock (and
Figure 3.1 : Ventilated Wall Wind Tunnel, General Arrangement
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expansion) wave reflections with the right choice of openness ratio (Estabrooks [17]; Jacocks [33];
Neiland [51]). Ventilated walls of one type or the other (or, in some cases, of a hybrid type), whose
geometry remains fixed (or at most varies uniformly with Mach number) have been the mainstay of
aerodynamic testing at Mach numbers from approximately 0.6 to 1.2 since their introduction in the 1940s
and early 1950s (Goethert [27]).

With the maturation of aerodynamic testing technology, data accuracy needs have become more
stringent (Steinle and Stanewsky [61]), with parallel accuracy requirements with regard to interference
corrections. The continuing expansion of high Reynolds number testing (Goldhammer and Steinle [28])
has stimulated an increased appreciation of Reynolds number effects, which in turn has increased the
pressure on model size in order to simulate flight Reynolds numbers more closely. Model size (relative to
test section dimensions) thus continues to play a key role in interference calculations. Similarly, there is
a continuing demand for more comprehensive predictions of flight characteristics, including increased
emphasis on flight regimes where the effects of compressibility are strong (both on the flight
characteristics themselves and on the wall interference as well). For subsonic flight vehicles whose
design point is close to drag rise or beyond, this includes flight conditions at Mach numbers approaching
1.0, with substantial regions of supersonic flow, and possibly with large areas of separated flow.
Supersonic flight vehicles require testing through their entire flight envelope, typically including Mach
numbers as close to 1.0 as possible. Each of these factors increases the magnitude of the wall
interference, consequently maintaining pressure on improving wall interference methods for ventilated
wall tunnels.

Even though the theory of ventilated-wall wind tunnels is less soundly based than for closed-wall tunnels,
conventional ventilated-wall tunnels offer several practical advantages: demonstrated small interference
effects in subsonic flow (compared to closed-wall tunnels), the ability to operate at high-subsonic Mach
number and through the sonic and low-supersonic speed range, and the operational simplicity of fixed-
geometry ventilated walls. These advantages, coupled with both a substantial capital investment in
existing test facilities and continuing competitive pressure to improve wind tunnel data accuracy, provide
the motivation to understand ventilated wall behaviour.

Perhaps the greatest difficulty in the application of the methodology and results of ventilated-wall
interference theory is the approximate nature of the ideal ventilated-wall boundary conditions and the
unknown relationship between physical wall geometry and wall crossflow parameters. This weakness
has motivated investigations of crossflow characteristics of particular wall geometries, the use of
measured boundary conditions to determine wall characteristics (e.g., Mokry et al. [47]), development of
alternate wall crossflow models, and finally, the direct use of measurements near the wall as boundary
conditions in the computation of interference (see Chapter 4). The application of boundary measurement
techniques for interference estimation of ventilated walls appears to be a viable approach, particularly for
perforated walls (e.g., in 2D, Mokry and Ohman [48]; in 3D, Mokry, Digney, and Poole [50], Beutner,
Celik, and Roberts [9], and even for slotted walls (Freestone and Mohan [22]). Nonetheless, because of
the additional instrumentation, measurement, and computational requirements of such methods, testing
with passive, nonadaptive, ventilated walls and the use of classically based corrections predominates in
practice, especially for 3D tunnels.

The impact of improvements in high-speed computing cannot be overemphasised. The CFD codes and
techniques developed over the past three decades for analysis of flight vehicles in an unconstrained flow
are now being applied to the analysis of models within wind tunnels. More complex and larger test
configurations, asymmetric installations in the test section, general tunnel cross sections, and a variety of
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wall boundary conditions can now readily be analysed. The influences of finite test section length and
model supports can also be evaluated.

3.1 BACKGROUND, ASSUMPTIONS, AND DEFINITIONS

“Conventional” wall corrections are taken to be those that apply to tunnel flows where the influence of the
walls is approximated as an incremental flow field in the vicinity of the model that is calculable using
linearised potential flow theory, and where the walls are basically of fixed geometry with known crossflow
characteristics. Thus it is assumed that the flow around the mode! in the wind tunnel is governed by
Equation 2.3, subject to the limitations described in Section 2.1. The potential at any point in the tunnel
is expressed as the superposition of the separate potentials representing a uniform onset free stream,
the model, and the walls (see Chapter 2):

O(x,y,2)=-U_x+9¢,(x,y,2)+¢ ,(x,¥,2) (3.1)
Compressibility is taken into account Wind tunnel walls
through the Prandtl-Glauert com- Boundary condition: (pn = f(Ap)

pressibility factor B. The interference
flow field is due to simply the wall
potential. The test section is usually
taken to be of constant section
throughout its length, with flow through
the walls satisfying a boundary condi-

tion relating the crossfiow velocity and Governing equation for linear flow region:
the i = .
pre_ssure difference acrqss the D (xy,2)=-U_ x+ (Pm(x’ y, Z)+ (Pw(x' Y, 2)
walls, Figure 3.2. For analytic solu-
tions the tunnel is typically taken to be Figure 3.2 : Potential Flow in an Ideal Wind Tunnel
doubly infinite in length. When com- With Ventilated Walls

putational approaches such as panel

methods are used, tunnel length is necessarily finite, but (usually) long. Model flows with substantial
embedded supersonic regions, at high lift coefficients so that wake position or separated wake effects
become important, and in the transonic, near-sonic, and low-supersonic speed regimes are beyond the
scope of this chapter.

“Conventional” ventilated walls are taken to be either longitudinally slotted walls, perforated walls, or a
combination of these two wall types, whose behaviour is described locally by a simple pressure-crossflow
relationship (see Sec. 3.2.1) and whose geometry remains fixed over a given range of test conditions. It
is assumed that these walls are vented to a single large plenum chamber, whose pressure is constant
and is taken to be the reference static pressure for the calculation of the onset Mach number in the
tunnel. Note that for a plenum of finite longitudinal extent, the Mach number far upstream does not
necessarily correspond to this plenum reference Mach number.

AGARDograph 109 [24]) provides a comprehensive review of a wide variety of wall configurations and
their interference. In general, the interference of ventilated walls had not been investigated to the same
level of detail as corresponding closed-wall configurations. Admittedly, contributing factors to this state of
affairs include the additional wall parameters (which increase the number of cases of interest), the
additional analytic and computational complexities associated with ventilated-wall boundary conditions,
and the recognised approximate nature of these boundary conditions. In particular, only limited or no




3-6

interference information is given for rectangular tunnels with all four walls slotted or perforated (see Table
6.1 of AGARDograph 109). Interference calculations for some of these cases have since been published
(Pindzola and Lo [53]; Lo and Oliver [43]; Keller and Wright [38]).

The wall interference corrections in AGARDograph 109 for steady flows are discussed in terms of
interference velocity components: longitudinal (or streamwise, u;)) and cross-stream (typically upwash, w)).
Because of their one-to-one correspondence to simple representations of model volume and lift for a
model at the centre of a tunnel with uniform walls, these interferences are commonly referred to as
blockage and lift interference, respectively. The separate interference velocity components are assumed
to be independent and superposable. Independence can be obtained by suitable symmetry restrictions: a
small model located at the centre of a tunnel of symmetric cross section and having uniform walls.
Cross-coupling of interference velocity components and model characteristics (blockage interference due
to lift, for example) will occur for models asymmetrically located relative to the walls and for non-linear
wall crossflow characteristics. Non-linear wall ventilation can be the result of actual geometric differences
among the walls, but is usually attributed to the action of viscosity at the walls. Superposition is valid
provided the magnitudes of the corrections remain small and the Mach number is not too close to 1.0.

Interference corrections for ventilated walls are further classified in AGARDograph 109 according to wall
type and test section cross section. The wall type refers to the boundary condition to be satisfied at the
wall, mainly: closed-wall, open-jet, ideal slotted, or ideal porous, though there is some discussion of the
hybrid slotted wall (slots with crossflow resistance). The test sections considered are the 2D tunnel
(planar flow), circular (or by co-ordinate transformation, elliptical), rectangular and, less comprehensively,
octagonal (or rectangular with corner fillets). Most of the results given are for walls whose geometry does
not vary streamwise and that extend far upstream and downstream of the model.

As suggested in Chapter 2, the interference results for small models in 2D and rectangular test sections
are considered suitably representative of many interference situations encountered in practice (the major
exclusions include sidewall interference in 2D testing, “large” models, and models “too close” to the
walls). Rectangular sections with corner fillets or elliptical cross sections may be approximated by
rectangular tunnels of equal cross-sectional area and equivalent aspect ratio (width to height ratio). This
approximation is supported by the close correspondence of interference characteristics of square and
circular ventilated test sections.

For a small model, a subsonic onset Mach number not too close to 1.0, and for attached flow over the
model, the variation of the interference flow field is negligible throughout the model volume, so that
primary corrections to the freestream magnitude and direction are adequate. As discussed in Chapter 4,
small embedded regions of supersonic flow around the model may be permitted. For larger models, or
for more accurate correction, consideration of linear streamwise variations of interference velocities may
be necessary. These result in buoyancy corrections to model drag and additional corrections to angle of
attack (or lift) and pitching moment due to streamwise curvature.. Non-linear streamwise or significant
spanwise variation of interference may be addressed using the methods for residual interference
corrections outlined in Section 1.3. The flow field around very large models may ultimately not be easily
correctable to equivalent freestream conditions.

The interference flow field is commonly described in nondimensional terms as defined in Equations 2.6
and 2.8 for streamwise and cross-stream (upwash) interference velocity perturbations:
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g=—t (3.2)
U,

st C (3.3)
U, SC,

Solid blockage interference for small models in ventilated-wall tunnels is conveniently expressed in terms

of the blockage parameter Qs, the ratio of solid blockage in the ventilated test section to that in a closed-
wall test section of the same cross section:

E. .. '
QS = ventilated (3 4)

£

closed

Thus, Qgs=1 for a closed-wall test section. Some basic classical results for yseq for small models in 2D
and rectangular test sections are given in Chapter 2.

The streamwise gradient of ¢, de/dx, results in a pressure force on the model (buoyancy drag), whose
magnitude is proportional to the effective volume of the model (for small models in linear gradients). The
streamwise gradient of upwash, or flow curvature, characterised by

0, = 9% (3.5)

X
9(—52)

results in additional angle-of-attack and pitching moment corrections for even small models.

For models of large size, applying only primary corrections to the free stream is at best approximate.
Residual corrections may be adequate for many cases but large variations of blockage and/or upwash
interference over the region occupied by the model may ultimately not be correctable. That is, there is no
equivalent unconstrained flow (with a uniform onset velocity) for the model geometry being tested. This
situation is particularly acute in transonic flow fields because of their extreme sensitivity to small
variations in onset flow conditions. The adequacy of corrections can be tested by careful comparison of
computed model aerodynamic characteristics from in-tunnel and unconstrained-stream solutions (at flight
conditions that include primary interference corrections). Such a test requires a higher degree of
sophistication of model! representation than for the calculation of simple linearised corrections. Paneling
or gridding requirements for this type of analysis are the same as for typical high-resolution free-air
analyses.

3.2 WALL BOUNDARY CONDITIONS

The wall boundary condition distinguishes ventilated walls from closed-wall or free-jet boundaries. A
useful simplification of the actual wall boundary condition is to treat the walls as homogeneous, wherein
the open- and closed-wall areas are not represented separately, but as an equivalent permeable surface
(Davis and Moore [14]; Goethert [27]). The normal velocity through the walls thus is a local average,
varying smoothly and in a continuous manner as a function of the (similarly spatially averaged) pressure
distribution on the walls. Walls with perforations are thus idealised as permeable porous surfaces with
infinitesimally small holes. Slotted tunnels are idealised as having an infinite number of very small slots
distributed around the tunnel boundaries.
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The validity of the assumption of homogeneous walls depends on the length scale of the wall openness
and the Mach number. It is expected that the effect of wall “graininess” will be felt out into the tunnel
stream a distance on the order of L/, where L is the length scale associated with the wall openings. As
long as L/B is small compared to the tunnel dimension (or more directly, to the distance from the wall to
the closest model part, such as a wing tip), the interference felt by the model will be the same for
homogeneous walls as for discretely ventilated walls having equivalent crossflow properties. There are
often two distinct geometric length scales associated with a given ventilated wall; the typical size of the
discrete openings and their spacing. A third length scale may also be involved: the wall boundary layer
thickness, whose properties have been found to influence the wall crossflow characteristics.

For perforated walls, the openness length scales are the hole diameter and spacing. For slotted walls,
they are the slot width and circumferential slot spacing. Consideration of typical perforated wall
arrangements suggests that treating perforated walls as homogeneous (for wall interference purposes) is
a valid assumption given the typical small scale of perforations. Slotted-wall openness length scales, on
the other hand, are often at least an order of magnitude larger. For some tunnels, the slot spacing
approaches a substantial fraction of a test section dimension. The assumption of homogeneous walls is
more tenuous in this case, especially for models whose components are on the order of an openness
length from a wall surface (e.g., wing tips of large-span models, body tail or nose for long models at high
angles of attack).

For cases where the walls cannot be treated as homogeneous, the alternating open- and closed-wall
areas (slots and slats) can be modelled separately, for example, by an appropriate mix of closed-wall and
open-jet boundary conditions. In such situations, simplicity and computational efficiency are sacrificed for
higher fidelity of the simulation.

Measured boundary condition methods with ventilated walls may be strongly influenced by wall
inhomogeneities (closed and open elements). The resulting local flow gradients are not representative of
the far-field homogeneous boundary condition. Correction methods for individual measurements,
alternate measurement strategies, or explicit computational modelling of wall elements may be required.

3.2.1 IDEAL VENTILATED WALL BOUNDARY CONDITIONS

The boundary conditions of ventilated walls are motivated by physical considerations (see, for example,
Davis and Moore [14]; Baldwin et al. [3]; Goethert [27]). The so-called ideal porous wall boundary
condition can be derived by consideration of porous walls as a lattice of lifting elements. The pressure
difference across the wall is then proportional to the flow inclination (6) at the wall,

_ Pywan — pp[enum _ z vnormal 2

cC = - == ' 3.6
P wall q., R []00 Re ( )

In linearised perturbation form, with the plenum pressure taken to be the same as the pressure far
upstream,

0,=—-Ro, (3.7

where R is an experimentally determined constant of proportionality. Note that the limits R=0 and R—«
correspond to the standard closed-wall and free-jet boundary conditions, respectively. It is convenient to
define an alternate perforated wall parameter,
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(3.8)

so that Q=0 corresponds to a closed wall, and Q=1 to a free jet.

The ideal homogeneous slotted-wall boundary condition is developed by consideration of the balance of

pressure difference across the slots and d
streamwise flow curvature in the vicinity of the :H m_ f a\/4
slots, Hi2 {/
0 ) I I { ®4 }
+Kp  +—=0 39 /
R (3.9) B \\\—//
where the third term represents a viscous 2D Circutar

pressure drop across the slot and K, the slot

parameter, is related to slot geometry, [«-—5/2
including the approximate effect of slot depth I__":i

(t/a), according to | H12

K=d ! 1 ( ) ! 3.10 l
=d|— cosec— | +— :
x oo e2) " (.19 |[_ _J|

' . ees ) Rectangul
Slotted-wall geometry definitions are summa- ot

rised in Figure 3.3. For an ideal inviscid Figure 3.3 : Slotted Tunnel Geometry
slotted wall (i.e., R—»x), closed-wall and free-jet boundary conditions correspond to K—w« and K=0,
respectively. As for the ideal porous wall, a convenient alternate slot parameter is defined,

1
1+ F

where F is proportional to K according to

(3.11)

F=2KIH fora 2D test section.
F=Kln for a circular test section.
F=K/H for a rectangular test section.

P=0 and P=1 correspond to closed-wall and free jet boundary conditions respectively.

The boundary conditions for walls with discrete slots comprise

on=0 on the slats (i.e., the closed-wall segments between slots).
ox + ¢n / R = 0 for slots with crossflow resistance.
ox=0 for open slots.

The ideal ventilated-wall boundary conditions may be viewed ‘as first-order approximations to ventilated-
wall crossflow characteristics. These simple analytic expressions are intended to capture the dominant
flow physics at the wall, as perceived at some distance from the wall (i.e., at the model location).
Improvements in ventilated wall modelling have focused on more accurate descriptions of the flow near
the wall, including:

1) Effect of boundary layer thickness on the wall crossflow characteristics.
2) Non-linear pressure-drop terms (e.g. proportional to square of crossflow velocity).

3) Entry of stagnant plenum air into the test section.




3-10
3.2.2 EXPERIMENTAL INVESTIGATIONS OF PERFORATED-WALL CHARACTERISTICS

Many investigations, both theoretical and experimental, have been undertaken to capture the behaviour
of various perforated-wall geometries. Perforated walls are taken to be any wall with a pattern of small
openings, usually round holes drilled either normal to the wall surface or at a fixed angle to the normal.
Variable porosity features have been implemented in several facilities using a sliding backing plate.

Flow Figure 3.4 illustrates some typical
perforated wall configurations.
Slanted hole walls were developed to
offset the observed lower resistance to
infow compared to outflow. A large

. N H M

Normal holes

Flow number of configuration variations
have been tested, including splitter
%//////////,:W//////////////,, ””/////////////////””/////////////////Il’”/////// plates and screens in the openings to

attenuate  discrete  noise  tone
production, various hole patterns,
openness ratios, and hole angles.

///%//% /%//////xff////// Fixed plate Two general approaches for the
/\///X////(////%////%///// Sliding plate determination of a pressure-crossflow

<4—»  relationship may be distinguished.
Variable porosity slanted holes The first relies on explicit measure-
Figure 3.4 Perforated Wall Configurations ment (or calculation) of both pressure
difference and crossflow at the wall.
Methods for determination of the velocity normal to the wall include direct velocity measurements near
the wall, massflow measurement through a portion of wall vented to an otherwise sealed and pumped
plenum, and a hybrid theoretical-experimental method for the calculation of crossflow at the wall.
Pressure differences across the wall may be applied either by a model in the test section, or by active
plenum pumping with a “clear” test section. The second approach uses measured wall pressure
differences, but avoids the direct measurement or calculation of crossflow velocity at the wall. The
necessary information for determining wall characteristics may come from wall pressure correlations
(test-theory), from tests of a model in several facilities, or tests of geometrically similar models in the
same facility. The starting point for the latter fwo approaches is a set of interference-free data (e.g.,
small model in a very large tunnel) and a methodology for extracting lift and blockage interference from
comparisons of model data.

Slanted holes

Some of the deviations from linear
crossflow behaviour that have been
; experimentally observed are illustrated
———————— i i in Figure 3.5. These include non-zero
crossflow at zero pressure difference
across the walls, different initial slopes
for inflow and outflow, and non-linear
behaviour as crossflow velocities
increase. These behaviours are attrib-
uted to the effect of the wall boundary
layer. Several experimental investiga-
tions have therefore focused on

Outflow

(+)

Figure 3.5 Non-linear Porous-Wall Crossflow Characteristics




correlations of these additional parameters with wall boundary layer thickness.

A first step toward characterising the interference of walls with non-linear wall resistance would be simply
to model different wall resistance for inflow and outflow. Mokry, Peake, and Bowker [47] allow opposing
perforated walls (20.5 percent openness normal holes in 2D testing) to have different resistance, based
on the observation that for an airfoil with lift, measured wall pressures on opposite walls are of opposite
sign relative to the plenum, so that the floor would experience primarily outflow, and the ceiling, inflow to
the test section. This approach results in much better correspondence of predicted wall pressures to
measurements than use of the same resistance for both floor and ceiling. For cases shown, the ceiling R
value (inflow) is about three times larger than the floor R value (outflow). Chan [11] establishes a
correlation of wall crossflow characteristics for inflow to the test section that depends explicitly on the wall
boundary layer displacement thickness. Two correlations are given: a quadratic relationship of wall mass
flux as a function of C, §*/d for §*/d<0.25 and a linear relationship between wall mass flux and wall C, for
8*/d>0.25.

Jacocks [34] presents wall crossflow characteristics for slanted-hole perforated walls (holes drilled at 60
deg from the normal), including variable porosity configurations and the effects of screens and splitter
plates for edge-tone noise suppression. Test Mach numbers ranged from 0.5 to 0.85 with limited resuits
at 0.9 and 1.2. A combined experimental-theoretical approach is used to calculate the crossflow at the
wall, thus sidestepping the direct measurement of mass flux through the wall (limited crossflow
measurements were made in order to validate the method). Some configurations tested clearly exhibit
differential resistance of inflow and outflow. Decreased wall resistance resulted from increasing porosity
and also from increased boundary layer thickness. The value of R increased by factors of 2 to 3
(depending on wall configuration) for §*/d varying between about 0.1 to almost 1.0. It is suggested that
the results of Mokry et al. [47] are the result of a thicker boundary on the inflow wall. The addition of
screens improved crossflow linearity. It is concluded that most, but not all, perforated walls can be
assumed linear for purposes of calculating subsonic wall interference. However, each wall of a given
wind tunnel may require a different characterisation to capture differences in mean wall boundary-layer
thicknesses.

Matyk and Kobayashi [44] report direct measurements of wall crossflow as a function of pressure across
the wall for wall samples with baffled slots representing the wall configurations of the Ames 2-ft by 2-ft
and 11-ft by 11-ft transonic wind tunnels. Data for only outflow were acquired over a range of Ap/q_ from
0 to 0.5 and higher. Significant non-linear behaviour was observed for wall normal massflow ratios above
approximately 0.04. Wall characteristics were consistent across the tested Mach number range
(0.5<M<1.2).

Ilvanov [32] reports very good linear crossflow behaviour of wall samples with normal holes in a wind
tunne! with a relatively thick wall boundary layer (displacement thickness to hole diameter ratios greater
than 1). Characteristic slopes differing by more than a factor of 2 were determined for inflow and outflow
with no discernible trend with Mach number (0.4<M<0.98).

Vayssaire [67] summarises values of R deduced from experiments comparing model measurements with
different walls. This method relies on model data from a closed-wall tunnel for which corrections are
nominally known. For example, mapping of a model characteristic (such as shock position) from
ventilated wall tests to corrected closed-wall data provides the ventilated-wall blockage correction, from
which an average effective wall characteristic can be inferred using theoretical curves. Other corrections
are then calculated using this inferred wall resistance. Pounds and Walker [54] similarly deduce global R
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values for variable-porosity walls from measured lift curves of a semispan wing-body mode! using data
from a large tunnel as the interference-free baseline.

Starr [58] used pressure distributions on a cone-cylinder mode! in a Ludwieg tube at Mach numbers
between 0.95 and 1.2 to assess effective wall porosity sensitivity (for slanted holes at 60 deg from the
normal) to wall boundary layer changes. For 8*/d varying from about 0.13 to 0.28 the equivalent wall
porosity change was found to be about 1 percent.

Crites and Rueger [13] provide a wall crossflow correlation for a set of five perforated wall samples of
various geometries. Their results are similar to Chan [11] in that the quadratic dependence of crossfiow
on wall pressure is much greater for inflow to the test section than for outflow.

In summary, R values estimated for different tunnels exhibit a large degree of variability, even for similar
nominal openness. Wall boundary layer thickness, especially in regions of inflow to the test section,
appears to play a dominant role in wall resistance. The observed linearity of the wall pressure-crossflow
relationship under many conditions leaves open the possibility of adequate wall corrections using locally
linear approximations. However, allowance for variation of the wall resistance factor with inflow and
outflow or with wall boundary layer thickness is likely required for high-quality wall interference
predictions. The inclusion of a quadratic crossflow term is recommended by some investigators, though
simple linear characterisations appear to work well for small wall crossflow. Because of the dependence
of wall performance on wall boundary layer {(which may in turn depend on plenum suction), it is
recommended that wall resistance values or curves (R or dCp/d6 vs. wall openness) be determined for
each facility under typical operating conditions according to desired accuracy requirements.

3.2.3 EXPERIMENTAL INVESTIGATIONS OF SLOTTED-WALL CHARACTERISTICS

The investigation of flow through open slots has advanced on several fronts. The effect of wall thickness
has been explored using inviscid slot flow models. Experimental measurements aimed at establishing
the slotted-wall boundary condition have successfully documented the richness of flow phenomena
through slots and have been instrumental in guiding the development of slot models.

The effect of wall thickness on slot parameter K has been investigated by Chen and Mears [12] for ideal
slots without crossflow resistance using a potential-flow doublet-rod wall model. Barnwell [4], as well as
correcting an error in the preceding analysis, generalises the flat-slat boundary condition to a slot with
sidewalls or separation in the plenum. He concludes that for the sidewall case (i.e., deep slots of
constant width),

1 d
Ksidewalls = ;loge —2—(; (3 1 2)

For the case of separation on the plenum side,

1 2+md
Kseparated = ;loge 4 ; (313)

For small a/d, Equations 3.10, 3.12, and 3.13 provide only slightly different values of K. A greater cause
for concern involves the experimental determination of K. Continuing research at NASA Langley aimed
at validating a slot-flow model (Barnwell [5], Everhart and Barnwell [18]) included evaluation of K from
measurements near a slotted wall in a 2D tunnel. Figure 3.6, from Everhart [19]), summarises some of




these results. Everhart’s results for
a four-slot wall configuration com-
pare favourably with other pub-
lished experimental values, which
all deviate significantly from the

inviscid slotted-wall  theoretical
predictions.
Experimental confirmation of

pressure drop proportional to
crossflow velocity in the slotted-wall
boundary conditions, as suggested
by Baldwin et al. [3], is given by
Goethert [27] for a single open slot,
with a quadratic dependence (for
outflow) becoming apparent above
a wall pressure coefficient of about
0.04. Everhart [19] confirms a
quadratic pressure-crossflow
relationship for large crossflows in
the absence of flow curvature.
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Everhart (4 slots)
Berndt (3 slots)
Chen and Mears (9 slots)

Baronti, Ferri,
and Weeks (15 slots)
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Figure 3.6 Experimental Values of Ideal Slot Coefficient,

M = 0.7 (after Everhart [18])

Nevertheless, it is concluded that the ideal form of the slotted-wall

boundary condition (Eq. 3.9 with R—>«) describes the wall pressure drop upstream of the maximum
model thickness if a reference pressure zero-shift is included. Downstream of this point wall pressures

are only qualitatively predicted.

The above investigations have benefited from parallel theoretical and experimental developments
(Berndt and Sorensen [8]; Berndt [6]; Nyberg [52]; Berndt [7]), which have resulted in a slot-flow model
motivated by observed slot-flow physics. The boundary between high-velocity air originating in the test
section and quiescent air from the plenum is tracked, and empirical coefficients are used to account for
flow separation at the slot edges and for viscous flow within the slot, Figure 3.7. This method has shown
good correlation (using the non-linear perturbation potential flow equation) with measured wall pressures

at Mach numbers up to 0.98 and
has been used to design the
contoured slots for the FFA T1500
Transonic Wind Tunnel (Karlsson
and Sedin [36], Sedin and
Sorensen [56]; Agrell, Pettersson,
and Sedin [1]; Agrell [2]). Firmin
and Cook [21] provide independent
experimental confirmation (from
pitot-static probe measurements
and oil flow visualisation near the
slots) of the penetration of low-
energy plenum air into a slotted test
section downstream of an airfoil
model. This penetration is cited as
a serious obstacle for determination
of an equivalent homogeneous
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boundary condition for slotted walls. It is suggested that porous walls behave similarly with regard to low-
energy re-entry flow, but wall homogeneity would not be an issue due to the smaller length scales of the
wall ventilation.

In addition’ to the work reported above, other investigators have reported the resuits of flowfield
measurements in the vicinity of slots. Wu, Collins, and Bhat [68] document the 3D character of the flow
near a single baffled slot with varying suction through the slot. They measured a vortex-like secondary
flow in the crossflow plane whose effect extended beyond the edge of the boundary layer at low suction
rate. Suction was found to have a large effect on boundary layer displacement thickness on the slat. A
non-linear relationship between crossflow velocity at the slot and at the edge of the boundary layer (the
equivalent inviscid crossflow) was measured. Everhart, Igoe, and Flechner [20] provide a database of
flowfield measurements near and within an open slot, including the effects of plenum suction and the
presence of a model (NACA 0012-64 2D airfoil). In the course of the development of a “two-variable”
boundary interference approach for slotted walls, Freestone and Mohan [22] show good agreement
between measured and predicted slot flows in a low-speed test of a large 2D airfoil. Slot flows are
measured using a traversing flow-angle probe; predictions are from the slot-flow model of Berndt and
Sorensen [8] with the addition of a linear resistance term for flow into the test section.

3.3 INTERFERENCE IN 2D TESTING

Some of the principal results given in AGARDograph 109 and Pindzola and Lo [53] for small models are
repeated here as benchmarks. These results were calculated using a Fourier transform method.

Engineering Sciences Data [15] has published comprehensive summary carpet plots of lift and blockage
interference and gradient factors for 2D point singularities in ideal porous and slotted test sections.

3.3.1 INTERFERENCE OF SMALL MODELS, UNIFORM WALLS

Interference parameters for a small mode! in the centre of a 2D test section with (homogeneous) slotted
and porous walls are shown in Figure 3.8 as functions of slotted wall parameter P, and porous wall
parameter Q, respectively. The model is represented as the superposition of a point vortex whose
strength is proportional to lift, and by a point source doublet whose strength is proportional to the model
effective cross-sectional area. |t is recalled (Eq. 2.45, Sec. 2.2.1.1) that the blockage of a small model in
a 2D closed-wall test section is given by

nt A

€ tlosed = g B3H2 (3.14)

where A is the effective cross-sectional area of the model and H is the height of the test section.

Although the closed-wall and open-jet limits of P and Q (0 and 1, respectively) are the same for these two
types of walls, the interference characteristics at intermediate values of P and Q are fundamentally
distinct (except when consideration is given to slots with crossflow resistance). From Figure 3.8 it can be
seen that it is not possible to obtain zero blockage and zero upwash interference simultaneously with any
uniform porous wall or uniform inviscid slot geometry.

The longitudinal distribution of blockage interference midway between the walls (for a model likewise
located) is shown in Figure 3.9. For ideal slotted walls with no viscous pressure-drop term (Q=0), the
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Figure 3.8 2D Interference in Ideal Slotted and
Porous Tunnels

interference velocity along the tunnel centreline is symmetric fore and aft of the model. Consequently,
there is no interference buoyancy force on the model. In contrast, porous walls (except for the limiting
cases of closed and open jets) exhibit a longitudinal interference gradient, producing a buoyancy force on
the model. The gradient is very nearly a maximum for the value of porosity for zero blockage
interference (Pindzola and Lo [53], Figure 3.5). Similar interference distributions can be expected for
slots with non-zero Q. ‘

The longitudinal variation of upwash interference is shown in Figure 3.10 for ideal slotted and porous
walls (Pindzola and Lo [53]). Zero upwash at the model location is obtained for closed walls only. Zero
upwash gradient is obtained for intermediate values of P and Q (for slotted and porous walls,
respectively), but the upwash is non-zero for these cases.
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3.3.2 INTERFERENCE OF SMALL MODELS, NONUNIFORM WALLS

The shortcomings of the ideal porous-wall boundary condition have long been recognised (see
discussion in Sec. 3.2.2): the approximate nature of a linear crossflow boundary condition, the empiricism
required to determine the crossflow resistance factor R for a given wall geometry, and the non-linear
crossflow behaviour of real walls. The distinct flow physics of high total pressure flow out of the test
section relative to low total pressure flow from the plenum into the test section suggests, at the minimum,
a distinction between these flow regimes. The development of slanted-hole porous walls was instigated
in part to balance inflow and outflow wall performance. Parallel developments in modelling walls with
open slots explicitly recognised the different nature of re-entry flow from the plenum into the test section
(Berndt [6]).
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Such an approach has been applied, in an approximate way, to the NAE 15-in by 60-in 2D test section of
the 5-ft by 5-ft Transonic Wind Tunne! (Mokry, Peake, and Bowker, [47]). For a lifting airfoil, it is
proposed that the ceiling, or wall surface above the model, experiences predominantly inflow from the
surrounding plenum because most of its extent will experience a pressure due to the model less than
freestream static pressure (identified with the uniform plenum pressure). Conversely, the floor, with an
imposed model pressure greater than plenum pressure (for the most part), will experience primarily
outflow. Permitting each wall to have its own characteristic R may thus be expected to more accurately
reflect the actual interference from these walls. Closed-form expressions are developed for interference
quantities at the location of a small model (represented by a source doublet for volume and a point vortex
for lift of an airfoil model at the centre of the tunnel). For equal upper and lower wall characteristics (and
for a model centrally located), streamwise interference velocity at the model location is proportional to
only the displacement effect of the model (doublet strength). Upwash interference velocity at the model
is similarly dependent only on model lift (circulation). Allowing upper and lower walls to have different
crossflow resistance factors (R, and R,) results in loss of this separability. For this more general case,
streamwise interference velocity depends on both volume and lift, as does upwash. Interference factors
are defined so that

2
ez-él-L:Qs 623(-1‘3) iﬁ%%@ (3.15)
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where f; and f, are defined as

R
ty, = garct.an( U’L) (3.21)
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These interference factors are shown in Figure 3.11 as functions of Q, and Q,. For Q,=Q; the cross-
coupling factors Q5 and 8, are identically zero. Mokry et al. [47] report much better correspondence of
measured wall pressures with predicted pressures for the best choice of distinct floor and ceiling porosity
factors than is possible with equal wall crossflow factors.
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Figure 3.11 Interference in 2D Porous-Wall Tunnels With Different
Floor and Ceiling Characteristics

3.4 INTERFERENCE IN 3D TESTING, CLASSICAL RESULTS

Techniques and methods for predicting the interference of a 3D model in a ventilated-wall test section
parallel those used in two dimensions (with the obvious exception of complex variable methods).

The interference in ventilated-wall tunnels is characterised by the parameters defined by Equations 3.2
through 3.5: g, 8, Q, and 8,. In 3D flow the blockage interference velocity ratio in a ventilated tunnel is
thus given by

VQ
€= —i (3.22)

5
ﬂ3c3/2
where Q; is a function of ventilated wall characteristics, t is the tunnel shape factor, V is the effective

model volume, and C is the area of the tunnel cross section. The wake blockage interference ratio, Q,,,
is similarly defined,
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wQ,
€, = BiCc?? (3.23)

For small models centrally located in a test section with walls of uniform properties (i.e., constant
coefficients in the ideal ventilated-wall boundary condition, Eq. 3.9) and with viscous and vortex wakes
trailing straight downstream, symmetry considerations analogous to the 2D case confirm the decoupling
of blockage and lift interference. That is, the streamwise interference velocity is due only to model
volume and drag (the source singularities) and the cross-stream interference velocity (upwash) is due
only to model lift. It can be expected that, just as for closed walls (Sec. 2.2) and for 2D porous walls (Sec.
3.3.2), this independence applies specifically to the model location. Interference velocity components at
off-centreline locations, for models not centrally located, and for arbitrary distributions of wall properties
may be due to both lift and blockage effects.
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Lift interference, characterised by the interference factor §, exhibits a larger variation with tunnel cross
section. As discussed in Pindzola and Lo [563], for an ideal slotted tunnel the wake blockage interference
is zero at the model (as well as far upstream) and the streamwise gradient due to solid blockage is zero
{(due to upstream and downstream symmetry of the blockage distribution). However, the streamwise
gradient of wake blockage is not zero, resuiting in a pressure gradient acting on the mode!, producing a
force proportional to model effective volume. It is shown that for ideal slotted walls this gradient is
identified with the magnitude of the solid blockage,

a‘gwake CD S
ax == 2V Ssolid,closedQs (325)

Interference values for tunnels with just two slotted walls (typically the floor and ceiling) and two closed
walls (sidewalls) are given by Pindzola and Lo [53], as well as for slotted tunnels with sidewalls having
different slot parameters than the floor and ceiling.

3.4.2 PoRrous WALLS

Figure 3.13 summarises the interference factors at the model location for small models in circular and
rectangular wind tunnels with uniform ideal porous walls. These data are compiled from AGARDograph
109 (circular tunnel), Pindzola and Lo [53], and Lo and Oliver [43]. Just as for ideal slotted walls, the
wake blockage gradient for ideal porous walls is given by Equation 3.25. Unlike slotted walls, however,
ideal porous walls result in a non-zero streamwise gradient of solid blockage and in a non-zero wake
blockage level. As discussed in AGARDograph 109 and elsewhere, wake blockage does not approach
the classical closed wall result as porosity approaches zero. Mokry [468] explains this paradox as arising
from the assumption that the walls are of infinite streamwise extent which results in discontinuous
behaviour for the closed-wall case at upstream infinity. The importance of accounting for the proximity of
the reference pressure measurement station to the model is emphasised, so that wake blockage is
properly evaluated relative to the tunnel reference pressure location. Mokry [46] provides plots of
streamwise variation of wake blockage for the 2D porous wall case. Lo and Oliver [43] provide similar
distributions for 3D porous wall tunnels.

Pindzola and Lo [53] provide plotted interference parameters including streamwise distributions for
porous wall tunnels having sidewalls of different characteristics than the floor and ceiling. Vaucheret [63]
presents interference results for a test section with closed sidewalls and porous floor and ceiling. Appen-
dices (in Vaucheret, [63]) document the equations used for application of the analytic Fourier transform
method for 3D porous-wall tunnels with closed sidewalls and for a 2D porous-wall tunne! with different
floor and ceiling characteristics.

Schilling and Wright [55] have calculated the upwash interference of finite-span horseshoe vortices (i.e.,
uniform wing loading) with span ratios of 0.3 and 0.7 in rectangular test sections with B/H from 0.5 to 2.0.
Figure 3.14 summarises their results for the smaller span ratio. Closed-wall and open-jet results from
Figure 2.5 (method of images) are shown for reference. Spanwise variation of interference is very small
for the smaller span ratio; the larger span has substantially increased interference on the outboard wing.
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Figure 3.14 Lift Interference of Small 3D Wings in Ideal Porous Rectangular Tunnels

3.5 COMPUTATIONAL APPROACHES TO INTERFERENCE EVALUATION

The evolution of applied methods since the publication of AGARDograph 109 has generally followed the
path from Fourier transform methodology (which forms the basis of results in Sec. 3.4), to panel methods
with general analytic boundary conditions, and finally stepping to direct use of measured boundary
conditions (see Chap. 4). An example of the latter approach is reported by Mokry, Digney, and Poole
[50], who use measured wall pressures from a porous-wall transonic wind tunnel as specified boundary
conditions in a panel code to assess wall interference. In general, the test article may be represented by
either known or unknown singularity distributions, depending on model size, complexity, and accuracy
requirements.

The principle of superposition states that the interference of collections of singularities is the sum of the
separate contributions of each singularity. For a small model centrally located in a tunnel with uniform
walls, this involves the solid blockage of the model volume distribution, lift interference from consideration
of the model's lift (independent of volume distribution), and wake blockage from consideration of the
viscous and separated wake drags. Use of singularities with strengths derived from gross model
aerodynamics (volume, lift, drag) has the practical advantages of ease of use and bookkeeping simplicity.
At the other extreme of model representation complexity, with a complex model geometry with many

~
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unknowns, the analysis of a given configuration often proceeds by modelling the entire configuration and
then extracting interference velocities and gradients (streamwise interference and upwash) without
explicit identification with their separate origins in the classical sense.

3.5.1 POINT SINGULARITY MODEL REPRESENTATION

Keller and Wright [38] describe a panel approach for calculating the interference of lifting elements at
arbitrary positions in ideal slotted (homogeneous) and porous rectangular test sections. A lifting wing is
represented by a distribution of horseshoe vortices that can be located anywhere in the tunnel. Finite
span, sweep, and arbitrary (specified) span loading can thus be modelled. Sample FORTRAN code is
included both by Keller and Wright [38] and Keller [37]. The latter generalises the panel method to permit
boundary conditions of the form

o +c,@, +c0, +c,0,=0 (3.26)

This permits investigation of slots with crossflow resistance, or so-called “viscous” slots, as well as ideal
homogeneous slotted walls and ideal porous walls. The first term was used to investigate the integral
form of the ideal slotted-wall boundary condition, leading to an understanding of the effect of finite tunnel
length in the analysis: interference at the model stabilises to expected values when the tunnel starts
about three tunnel widths upstream of the model. The effect of porosity in the slots is found to be large,
as might be expected because the walls would behave like porous walls of equivalent R=t Ry, where 1
is the openness ratio of the slots, as long as the number of slots is not too small.

Parametric studies of interference in perforated wall tunnels (with closed sidewalls) are reported by
Vaucheret [63]. Test section height to width ratio, wing span to width ratio, wing sweep, and horizontal
wall porosity were investigated. Model representation and size limits are presented for keeping
corrections below specified thresholds. Tunnel configurations for minimum interference are investigated
in terms of horizontal wall characteristics, tunnel aspect ratio, and wing span. A similar set of results is
given for a 2D porous test section with different floor and ceiling characteristics. An optimum 2D wall
configuration for minimum interference is suggested as a closed floor (Q=0) and ceiling having Q=0.22.

The need for multiple singularities to represent the volume distribution of a typical model is demonstrated
by Vaucheret [65] by consideration of wall pressure signatures, showing that 12 doublets adequately
represent an ellipsoid (L/D=6) of 1% blockage in a square closed-wall tunnel, and that use of 30 doublets
for a missile configuration provides a reasonable prediction of experimental pressures in a circular
closed-wall tunnel. Similar calculated results for a single-doublet and a 20-doublet representation of the
above ellipsoid are given for a square test section with porous walls, with significant differences in both
blockage interference and blockage gradient, Figure 3.15. The method is extended to include wake
blockage and support interference. Lift is represented by a flat vortex sheet, taking into account span,
sweep, and span loading. Calculated wall pressures (at zero lift and increments due to lift) matched
measured pressures best for a porosity factor of Q=0.2 (83Ma wind tunnel). Sample calculations are
also given for models mounted above or below tunnel centreline, highlighting the coupling of streamwise
and upwash interference velocities with both model volume and lift.

WALINT, a wall interference code developed at the NASA Ames Research Centre (Steinle and Pejack
[60]), uses point singularities to represent the model in rectangular slotted or porous test sections.
Excellent agreement of upwash interference from WALINT and from the method of images for closed-
wall and open-jet wall boundary conditions is shown. For the baffled slots of the Ames 11-ft Transonic
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Figure 3.15 Effect of Model Representation on Solid Blockage of
an Ellipsoid (L/D = 6, blockage = 1%) in a Square Ideal Porous
Tunnel with Closed Sidewalls (Vaucheret [65])

Wind Tunnel, a value of R=19 is quoted. Because there are many slots (54 total on four walls), in the
limit of large R (no crossflow resistance) the calculated interference of the walls with discrete slots should
be very similar to that of ideal homogeneous slotted walls. The ideal inviscid slot results for a rectangular
tunnel with closed sidewalls are essentially duplicated by WALINT using R/p=10,000. The interference
equivalence of homogeneous porosity and porous strips is demonstrated, with identical upwash
interference for a lifting element located within the central region of the test section (|y/B|<0.3). Steinle
and Mabey [59] report computed interference results from WALINT using 20 singularities to represent an
elliptically loaded wing with a span to tunnel width ratio of 0.7. Twelve source doublets were used to
represent a mode! body whose length equals the wing span. For the cases analysed the spanwise
variation of interference upwash was much less for slots with resistance than for ideal slots.

3.5.2 PANEL METHODS, HOMOGENEOUS VENTILATED WALLS

Most recent computations of wall interference rely on panel or vortex lattice computational methods.
Vaucheret [66] reports results from a vortex lattice code used to overcome restrictions of classical
analytical methods regarding geometry of the test section (both in cross-section and streamwise extent),
model and sting incidence, and wall boundary conditions. A model and its support system may be
represented by either a collection of singularities of strengths determined by the known geometry and
loading, or by panels with unknown strengths. For a closed-wall case, inlet conditions were uniform to
within Cp<10~ when the test section length was at least seven times the tunnel height. Use of a non-
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linear porous-wall boundary condition is compared to results with a linear crossflow wall characteristic.
The addition of perforated window inserts in the closed sidewalls of a test section with perforated floor
and ceiling (S2 tunnel) is shown to decrease both the spanwise and chordwise variation of upwash
interference for a transport model. The effects of model proximity to reference static pressure taps are
shown for the S1Ma tunnel. It is suggested that not more than 6000 mesh cells be used per half-
configuration (i.e., for problems with one plane of symmetry and including a support that requires
panelling). For a simple case, however, it is reported that the upwash correction in a cylindrical test
section is essentially the same for solutions with 270 and up to 5600 panels.

PAN AIR, a higher order panel code for linearised potential flow analysis (Magnus and Epton [45]) as well
as TRANAIR, which solves the full potential equations (Johnson et al. [35]), have been used to
investigate interference in the Ames 11-ft Transonic Wind Tunnel. Tunnel modelling has mainly been
limited to long tunnels with constant wall properties. Computational tunnels typically extend two or more
model lengths upstream and downstream of the model. The model in the test section is a part of the
input geometry; the singularity strengths associated with its panelling are unknowns along with the wall
panel strengths. The effect of the walls on model loading is thus an explicit part of the solution. The
walls were modelled as hdmogeneous ideal porous walls with R=1.14, corresponding to R=19 for the
baffled slots (at 6% openness) as recommended by Steinle and Pejack [60].

Tunnel wall

Tunnel walls traiting wakes (to «)
dp=00rRpyx+¢n=0 Ad=0 \

Inlet barrier \
$=0 (a) Complete tunnel Plane of symmetry

/
/ [
N - ! M~

(b) Inlet barrier (c) Test section

Figure 3.16 Typical Panelling with Boundary Conditions

Figure 3.16 depicts a typical panelling and associated boundary conditions for the analysis of a floor-
mounted half-model with ideal homogeneous porous walls. The floor is not panelled because it is treated
as a plane of symmetry in the analysis. Approximately 2000 panels are used: about 1000 for the wind
tunnel walls, the remainder for the model. It was found that doubling the panelling had a negligible effect
on the interference. This panelling exhibits several features characteristic of this type of analysis. The
tunnel is very long so that flow perturbations due to the model are negligible before the ends of the
computational tunnel are encountered (except for the trailing vortex wake at the downstream end; no
viscous wake was included in this analysis). Wall panel size is varied to adequately capture streamwise
and circumferential variations of the pressure field due to the model. Far upstream where pressure
gradients are small, large panels are sufficient. In the region around the model, streamwise panel
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spacing is decreased significantly and circumferential panel density is doubled. No leakage problems
have been encountered. Inflow through the upstream face equals outflow at the downstream end of the
tunnel as long as the walls are long and have constant ideal characteristics.

Good agreement with wall pressures measured between the slots have been obtained. Calculated
interference for several transport models, Figure 3.17 (Goldhammer and Steinle [28]) exhibits
differences in lift interference attributable to differences in both wing span and sweep. Blockage
interference is small and essentially the same for these models. The spatial variation of
interference for the largest of these wings at a cruise condition is illustrated in Figure 3.18. A root-
to-tip Mach increase of 0.005 represents the streamwise gradient of blockage due to porous-wall
crossflow characteristics. Upwash interference variation over the wing planform is only slightly
larger than 0.02 degree.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 038 0.9

(a) Blockage Correction

.662

-0.11i

0.0 0.1 0.2 0.3 0.4 05 06 0.7 038 0.9
M

(b) Lift Interference Correction

Figure 3.17 Interference at the Wing Reference Location for
Transport Half-Models in an Ideal Porous-Wall Tunnel; R=1.14,
B/H=2.0, M = 0.80, C_ = 0.45 (Goldhammer and Steinle [28])
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(a) Blockage, AM

(b) Upwash, Aa (degrees)

Figure 3.18 Interference Distribution at the Wing in an Ideal Porous-
Wall Tunnel: R = 1.14, B/H=2.0, M = 0.8, C_ = 0.45, 2s/B=0.768
(Goldhammer and Steinle [28])

3.5.3 PANEL METHODS, FINITE-LENGTH AND DISCRETE SLOTS

Two geometric features that differentiate all real test sections from the idealised tunnels of the preceding
sections are discreteness of wall ventilation and finite upstream and downstream extent of wall
ventilation. Related to the latter are the further considerations of model support struts and test section
diffuser interference at the downstream end of the test section, as well as possible entrance effects due
to proximity of the contraction at the upstream end of the test section.

Generally the importance of these elements may be discounted as distance from the disturbance source
(in hydraulic diameters) increases beyond one. This is hardly ever the case at the downstream end of
the test section where a combination of a closed-wall diffuser, a large support strut, and possibly re-entry
plenum flow often occurs within a hydraulic diameter from the end of the model. The issue of
discreteness of wall openings arises in two general contexts: interference of walls with a small number of
slots and the implications of wall flow details on measurement methods (Chap. 4).
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Kemp [39] [40] has developed a numerical method of a slotted wind tunnel test section using a general-
purpose panel program as a starting point. Model lift and volume distribution can be represented by
singularities with specified strengths. Walls are modelled using superposed source and doublet panels,
Figure 3.19. The homogeneous ideal slot boundary condition (in integral form) may be specified for the

Segmented
source lines Uniform source
and doublet
panel x
Bilinear
source
network !

Uniform
source
panel

Biquadratic
doublet
networks

Model center

Figure 3.19 Tunnel Modelling (Kemp [40])

walls. Discrete slots are modelled by the addition of source lines to gather the distributed mass flux
through the wall. Consideration of flow in the crossflow plane toward a single slot suggests that within a
slot spacing from the wall the flow is the same as for the equivalent homogeneous slotted wall.
Investigation of non-linear slot boundary conditions (including a quadratic crossflow term and an
approximation to the slot inflow model developed by Berndt and Sorensen [8]) found significant
streamwise interference due to lift for a model in the centre of the tunnel. Calculation of interference for
slots of finite length (-1.58<x/H<1.46) resulted in unbalanced massflow through the tunnel. The walls
were initially found to provide a net inflow to the tunnel. Balanced inflow and outflow was achieved by
letting the plenum pressure in the slotted-wall boundary condition be different from the upstream
reference pressure. In effect, the plenum is numerically depressurised until it no longer pushes a net
inflow into the test section.

For tunnels of infinite upstream and downstream extent and with constant coefficients in the ideal
boundary condition, integration of Equation 3.9 in x from far upstream to far downstream results in zero
net mass flux through the walls (as long as ¢, the perturbation potential of the model, goes to zero at
these limits). Any other streamwise distribution of wall properties, R and K, or nonlinearity of the
boundary condition (as noted by Kemp, see above) can be expected to result in a tunne! exit flow which
does not equal the entrance flow. The walls may either add or extract flow from the tunnel. The strategy
of adjusting plenum pressure in the ventilated-wall boundary condition must be applied for each particular
flow condition for a given model. Pressure and force coefficients computed using upstream flow
conditions must be recalculated to reflect the plenum static pressure and its associated Mach number as
the proper reference conditions. This paraliels the common operating primacy of plenum static pressure
in real ventilated-wall tunnels.
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The effect of finite slot length on the interference of the three basic point singularities is shown in Figure
3.20 (from Kemp [40]). Closed-wall interference is shown for reference. For solid blockage, Figure 20a,
blockage at the model location for the two slotted-wall cases is in agreement if the reference static
pressure is taken as plenum pressure (represented by the parameter u,) for the finite-length slot case. In
Figure 20b, the case with plenum suction (for offsetting wake blockage) demonstrates decreases in both
wake blockage and wake blockage gradient at the model location. Lift interference at the model location
is affected very little by the finite extent of the slots or by the numerical simulation of a re-entry flap at the
trailing edge of the test section, Figure 20c. Depending on the size of the model, however, upwash at the

tail may be affected.
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Figure 3.20 Effect of Finite Length of Slots on Interference (Kemp [40])




3-30

The evolution of wall correction methodology as applied to a production transonic wind tunnel is
exemplified by developments at the Boeing Transonic Wind Tunnel (BTWT). Operation as a high-
subsonic wind tunnel began in 1944 with conversion to transonic capability in 1953, including the
installation of slotted walls. The test section has an 8-ft by 12-ft rectangular cross section with 2-ft corner
fillets. The walls have 16 longitudinal slots at a nominal openness of 11%. Panel code interference
calculations (Lee [42]) using the ideal homogeneous slotted-wall boundary condition (Eq. 3.9 without the
viscous term) for a moderately sized model (2s/B<0.6) corresponded very closely to the classical value,
80=-0.11 (Davis and Moore [14]) for lift interference. Calculated blockage corrections were so small as to
be considered unverifiable.

An example where discrete slot modelling was found necessary is shown in Figure 3.21. The closed-wall
corner fillets at the BTWT floor intrude into the flow field of a floor-mounted half-model at its plane of
symmetry. Although details of the flow through the slots are not expected to be well represented in this
inviscid calculation, comparison of calculated wall pressures to measurements provides some clues
regarding slotted-wall behaviour for this tunnel. Increasing magnitude of the pressure peak due to wing
lift (section K in Fig. 3.21) is expected with increasing wall resistance (R decreasing). Movement of the
pressure peak (due to lift) downstream is also associated with decreasing R. Decreasing the slot width,
consistent with the slot-flow model of Berndt and Sorensen [8] would be expected to improve this aspect
of the correlation. The resistance of the slots improves the wall pressure correlation on the pressure side
of the wing as well, though the more meaningful metric is the pressure difference between opposite walls
(an error or bias in reference Mach number or static pressure would be manifested as a C, zero shift).
Although the longitudinal extent of pressures is limited, upstream values suggest an asymptotic approach
to a non-zero C,. This is consistent with the previous discussion relating to plenum pressure lower than
upstream static pressure for finite-length wall ventilation. Finally, even though the downstream range of
pressure measurements is very limited, there is some indication of a longitudinal gradient in the
measurements that is not present in the theoretical models. This is thought to be related to non-ideal slot
behaviour. The proximity of the unventilated fillets has the effect of shifting the interference toward more
closed-wall values relative to the equivalent homogeneous-wall tunnel, Figures 3.22 and 3.23.
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Continuing concern over the proper slotted-wall boundary condition has been addressed by a series of
wall interference investigations in which typical sting-mounted transport wing-body models have been
tested and analysed in BTWT with two different wall configurations: closed walls and 11% open slots.
Code predictions of the interference in the closed-wall test section were used to correct the measured
force data. These interference-free data were used to deduce lift interference of the slotted walls.
Assuming that blockage and flow curvature corrections are small in the slotted test section, the lift
interference factor for slotted walls is calculated from the interference-free (closed-wall measurements,
corrected using CFD upwash and blockage) and uncorrected (slotted-wall measurements) lift-curve

slopes, .
cl 1 1
= 3.

% S[a a :l (3.:27)

corr unc

in parallel to the experimental efforts, the wall boundary conditions were varied computationally with the
goal of matching wall pressures measured midway between wall slots both above and below the model.
The wall pressure data quality is considerably improved by first subtracting clear-tunnel distributions. The
resulting pressures are then interpreted as being due to only the model and its sting support. Further
conditioning of the wall data is done by fitting each wall pressure measurement (the i-th tap) in a least-
squares sense in C; (up to 0.45) at each Mach number:

C, =CP0,+CPl,xC,  (3.28)

where CPO is the model signature at zero lift and CP7 represents the incremental effect of model angle
of attack. Figure 3.24 compares the experimentally determined coefficients to CFD predictions for the
closed-wall configuration. The better correlation of the full potential code with experiment reflects the role
of non-linear compressibility in the flow. For the slotted-wall configuration, various ventilated-wall
boundary conditions have been investigated: ideal homogeneous slots, discrete slots with an open-jet
(constant pressure) boundary condition, constant ideal porosity applied at the slots, and several
combinations of variable porosity. The variable-porosity wall models are motivated by physical
considerations: the volume of the pressure plenum below the floor is restricted by a large external force
balance and its associated enclosure. Figure 3.25 compares measured wall pressure for the slotted
walls to CFD calculations for walls with R=10 for the floor slots and R=18 for the remaining slots.
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Figure 3.25 Computed and Measured Wall Pressures with Slotted Walls 767-300
Wing-Body at M = 0.80

The interference factors deduced from these studies are shown in Figure 3.26. The Mach number
correction for closed walls from the linear potential code shows no variation of blockage interference with
model attitude. The full potential code indicates similar interference at zero lift (a = -2 deg), but slightly
increased blockage with angle of attack. The variation of §; with Mach number for the experimental data
suggests that the slot characteristics include some measure of porous-wall behaviour (for which
interference factors depend on R/B). The irregularity for M > 0.80 is thought to be due to uncertainty in
the blockage correction used to correct the closed
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Figure 3.26 Interference of a Subsonic Transport Model in a Slotted-Wall Tunnel

wall data at high-subsonic Mach numbers. An error in the blockage correction factor (¢) for closed walls
of 0.001 corresponds to a dynamic pressure correction ratio of 1.002, which directly scales the measured
lift curve slope. At M=0, this corresponds to a numerically equivalent change in §, of approximately 0.01.
An error of this magnitude for incompressible solid blockage is magnified fourfold at M=0.84. This source
of uncertainty is present in both the closed-wall interference value and in the assumption of negligible
slotted-wall interference. Uncertainties in 8, are due to both sources . This interdependence of
extracting two or more interference components from a single set of data having unknown interference
suggests that increasing accuracy requirements on one component be matched by corresponding
accuracy for the others, including the accuracy of the “interference-free” data set.
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The distribution of blockage and upwash interference at the wing at M=0.80 for closed walls and the
differential resistance wall model is shown in Figure 3.27. These results support the initial assumption of
hegligible blockage interference and demonstrate a significantly smaller variation of upwash interference
over the wing planform for slotted walls compared to closed walls.

An investigation of wall and slot geometry in support of slotted transonic tunnel development efforts
considered the effect of slot number on interference. The slotted-wall boundary conditions for this study
combine adjacent columns of panels with either an open-jet or closed-wall boundary condition. Figures
3.28 and 3.29 compare interference at the model station (x=2000 in) for two cases of equivalent total slot
openness (10%): 4 slots (2 on each of the floor and ceiling) and 24 slots (6 on each of the floor and
ceiling, 4 on each sidewall). Larger spanwise gradients of both blockage and lift interference are
evidently due to the closed sidewall. Longitudinal gradients of interference at the tunnel centreline are
very similar, Figure 3.29. Another tunnel development study using a porous-slot boundary condition
(Bussoletti et al. [10]) indicates that interferences at the model for a large number of slots and for
equivalent homogeneous walls are very similar, Figure 3.30.
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Figure 3.27 Interference at the Wing of a Transport Model in Tunnels with
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3.6 CONCLUSION

The validation required of a computational model of a ventilated-wall tunnel depends on required
accuracy of the wall correction quantities. Closed-wall and open-jet interference bound interference
magnitudes for ideal ventilated walls with uniform characteristics. However, walls that have variable
properties or flow fields with significant asymmetry may produce an interference field with strong coupling
among the components. Refinement of interference predictions in several large ventilated wind tunnels
has led to computational models with modified ideal-wall boundary conditions. These are verified mainly
empirically; the deviation of experimental results from ideal wall predictions are usually attributed to non-
ideal crossflow characteristics of the walls. Difficulties remain in modelling the downstream portion of a
real test section, including the effects of plenum re-entry flow, model support systems, and wall
divergence into the test section diffuser. These can especially affect pressure buoyancy forces on the
test article. Nevertheless, computational models serve both as a predictive tool and as a stepping stone
to boundary measurement methods. Predicted gradients of wall interference, although difficult to
validate, are indicators of test situations that may require more sophisticated correction techniques than
afforded by linear theory or that may be uncorrectable.

Wall characterisation efforts to date have focused either on direct measurement of wall crossflow
characteristics or on correlation of measured pressures “at the wall” with computed pressures. Non-ideal
wall behaviour and persistent upward pressure on test model size relative to the test section suggest that
customised computational models will continue to be developed for specific ventilated-wall tunnels. As
wall validation efforts mature, the decision to shift to boundary measurement methods will depend on a
balance of required boundary measurement effort, computational requirements, and the accuracy of
alternate methods relative to test objectives.

NOMENCLATURE FOR CHAPTER 3

= effective cross-sectional area of a 2D model
= slot width

= tunnel breadth

= tunnel half-breadth

= cross-sectional area of a test section
= drag coefficient

lift coefficient

= pressure coefficient

= airfoil chord

= body diameter

= slot spacing

MmMa OO OO0 b o »
s’ rT Q3
H

= slotted wall parameter

=2KI/H for a 2D test section

=Klr for a circular test section
=2K/IH for a rectangular test section




w
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)

H = tunnel height

h = tunnel half-height

K = ideal slot parameter = d / = log. (cosec = a / (2d))

L = reference length

M = Mach number

m = source strength = %2 Ux S Cp

P = slotted wall parameter=1/(1 + F)

p = static pressure

Q = porous wall parameter=1/(1+p/R)

q = dynamic pressure = % p U

R = porous wall resistance factor

r = cylindrical co-ordinate = (y* + 29)"?

ro = radius of circular test section

S = wing reference area

s = wing semi-span

T = blockage shape factor for rectangular tunnels = ¢ p° (BH)*?/ vV
t = slot depth (= wall thickness)

t = porous wall parameter = 2/x arctan(R/B)

U, = upstream reference velocity

u = perturbation velocity in the streamwise (x) direction = dp/éx
"4 = model effective volume

v = perturbation velocity in the lateral (y) direction = dp/oy
Viormal = velocity component normal to the wall

w = perturbation velocity in the vertical (z) direction = d¢/oz
X = streamwise spatial co-ordinate

y = spanwise (or lateral) spatial co-ordinate

z = vertical spatial co-ordinate

Greek Symbols

o = angle of attack

B = Prandtl-Glauert compressibility factor = (1 - M?)"?

8 = lift interference parameter = (w;/ Ux) A/ (S C))

8 = lift interference parameter evaluated at model centre
84 = streamwise curvature interference parameter

T = upwash interference due to solid blockage

I's = vortex strength=1/4 U_S C;

g
0

blockage interference ratio = u;/ U_

flow inclination
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= doublet strength = U_V

= tunnel shape factor, or slotted wall openness ratio

= total velocity potential

= perturbation velocity potential

= streamwise interference parameter due to solid blockage
= wake blockage interference ratio

= upwash interference parameter due to solid blockage

Subscripts

fsCvw® 33~ -~

= interference

= lower wall

= model

= normal

= plenum (i.e., corresponding to plenum pressure)

= solid (i.e., due to model volume)

= upper wall

= wake (i.e., due to the displacement effect of the model's wake)

= walls
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4. BOUNDARY MEASUREMENTS METHODS

The importance of measuring flow conditions at outer boundaries has been known for some time,
particularly for solid-wall wind tunnels. However, it has only been in recent years that sufficient computing
power has become available to make use of this information. Thus it is no coincidence that the increase in
interest in boundary-measurement methods has occurred during the last decade or so when the rate of
development in computing technology has been so rapid. This Chapter begins with a review of fundamental
theories of boundary-measurement methods (Chapter 4.1) and then describes the application of the
methods to closed-wall tunnels in Chapter 4.2 and to ventilated test sections in Chapter 4.3.

4.1 FUNDAMENTAL THEORIES

After basic issues are considered, the various classes of methods are reviewed, and the relative
advantages and disadvantages of the methods are discussed.

LIST OF SYMBOLS for chapter 4.1

B breadth of working section of equivalent wind tunnel of rectangular section
C, static-pressure coefficient

G, Gp, Gr Green's functions

Gy, Gon

H height of working section of equivalent wind tunnel of rectangular section
M Mach number

n normal inward towards working section in transformed (Prandtl-Glauert) space
P point within region bounded by S

R fictitious region outside the region bounded by S

S measurement surface in transformed space

T wall shape factor for doublet

u streamwise velocity perturbation

U stream speed

\Y% model volume

X,Y¥,2 cartesian co-ordinate system (Fig 4.1)

XY,Z transformed co-ordinates, = (x, By, Bz)

o angle of incidence

B Prandtl-Glauert factor, = V(1 - M¢?)

8o, 01 lit interference parameters

A increment due to wall effect

\% Laplace operator

() velocity potential

0} perturbation velocity potential
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SUFFIXES

F equivalent free-air flow

I wall-induced flow

i differentiation with respect to either x,y or z in either case
R fictitious region outside region contained within S

S measurement surface

T adjacent to wind-tunnel walls

uUnbD upstream and downstream faces

Vo volume integration in the fictitious region R

o conditions far upstream

4.1.1 BAsIC CONSIDERATIONS

Consider the flow about a model of an aircraft in a wind tunnel (Figure 4.1) with sub-sonic conditions far up-
stream. Suppose, initially, that the flow everywhere in the working section is irrotational, implying that any
shock waves are weak and that the turbulent shear layers are thin. The flow may therefore be defined
uniquely by the velocity potential @ or the perturbation velocity potential ¢ = @ - U, x, where U, is the speed

Fictitious region R

¢=§-wa

Uw//

(+Sy for rotational flows)

Figure 4.1 . Wind Tunnel Test Section with Model

of the notional flow far upstream, usually determined by calibration of the empty test section. This flow
satisfies the exact potential equation (Kiichemann, [27]), which may be written in the form :

ﬁz(pxx + (pyy + (pzz =f(q)i!q)y':UF;MF): (41)

where [32 =1- MF2 and Mg is the Mach number corrected for blockage, i.e. the free-stream Mach number of
an equivalent ‘free-air' flow. The corrected Mach number and the corresponding corrected free-stream speed,
Uk, are preferred in Equation (4.1) to the corresponding conditions far upstream because the former quantities
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determine the character of the flow in the near field of the model. Suffixes i and j, respectively, refer to
differentiation with respect to either x, y or z. The function f is a term that is non-linear in the derivatives of F
and which becomes significant in transonic-flow regions near the model.

The Prandtl-Glauert transformation may be used to replace Equation (4.1) by

Vo=flo,,®, U, M, )/B> (42)

i )
where

Vo=0.+0,+0,
and

X Y Z) = (x, By, B2).

Consider now the 'free-air' flow about the same
model at the free-stream speed Ur and at an
angle of attack differing from the geometric
angle of attack of the model in the tunnel by Aa
(Figure 4.2). For flows and models with a
vertical plane of symmetry this flow is
characterised by the perturbation potential Fig 4.2 Free-air flow about same model

(PF = ®F - pr— UFAOCZ

and satisfies the equation

AQg Zf[(CDF),», (Or);, Ur; MF]/B2 4.3)

If either

a) the two flows are identical (® = @) in the region near the model, so that the tunnel flow may be
corrected to an equivalent 'free-air' flow,

orb) the perturbations in the flow induced by the model are 'small' everywhere,

orc) the Mach number of the flow is everywhere close to zero, ie. the two flows are essentially
incompressible, then the right-hand sides of Equations (4.2) and (4.3) are either identical but non-zero,
or negligible. This being the case, subtraction of Equation (4.3) from Equation (4.2) leads to the
expression

where ¢, = Q- Qp

is the wall-interference potential. Since, by Equation (4.4), this potential is harmonic within the working
section, it is possible to use Green's formula (Weatherburn, [51]) to write for the point P in the (transformed)
working section

_ (e, G| . _ ([5_90 %} a_G] 4.5)
dr o, (P) = '!I:anG (PIan:'dSJ -'[S on - on G-(op- (PF)an ds.
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Here n is the normal inward towards the working section and the integration is performed over the
measurement or boundary surface S, comprising a surface at or close to the walls, Sy, with faces at the
upstream and downstream extremities of the working section, Sy and Sp, (Figure 4.1). G is a Green's function
that is harmonic everywhere within the measurement region except at the point P. Near this point G behaves
like 1/r, where r is the distance between the point P and a variable point in the region.

For the wall interference potential to be harmonic everywhere within the volume bounded by S the quantity (¢ -
¢r) must be single-valued there. This means that the difference in circulation between the two flows around
any circuit within the working section must be zero and, also,

I, (Qﬂ%) ds = 0,
on on

i.e., to the accuracy of linear theory, the net flux of the wall-induced flow across S must be zero. These
conditions need to be borne in mind in any numerical method for determining wall interference based on
Equation (4.5).

The analysis above may, with certain restrictions, be extended to rotational flows. The first restriction is that
the vorticity is confined to a region surrounding the model, as illustrated in Figure 4.1, where it is shown to be
bounded by the surface S,. The surface S in Equation (4.5) then has to include the surface S,. However, if it
is possible to correct the wind tunnel flow to an equivalent free-air flow, the analytical continuation of the
wall-interference potential is harmonic within the rotational-flow region. Hence, by Green's theorem
(Weatherburn, [51]), the contribution of the extra term vanishes. Thus, in this circumstance, Equation (4.5)
applies to rotational flows as well.

To determine the wall-interference potential at a point in the working section by using Equation (4.5), it is
necessary to know both the wall interference potential itself and its normal gradient at the measurement
surface. This, in turn, means that perturbation potential of the wind-tunnel flow and its normal gradient have to
be determined at the surface; furthermore, a satisfactory representation of the free-air flow around the model
has to be derived. This implies that three independent variables are required, two from flow measurements at
the surface S and a third, defining the model free-air flow, by calculation. However, the number of variables
needed can be reduced to two by using the freedom to choose an appropriate Green's function for the
boundary-value problem. Depending on the choice of Green's function, the two variables can either comprise
one defining the flow at any one part of the measurement surface and another specifying the free-air flow or
two defining the conditions at the measurement surface. Kraft [25] suggested that a measure of merit of any
technique is how well the two independent quantities are evaluated. Kraft proposed that the two classes of
method should be, respectively, called 'one-variable’ and ‘two-variable' methods. As its name implies, the
former class needs the measurement of only one flow variable at the measurement surface, but it does
require a representation of the model free-air flow. The second class, on the other hand, requires two
variables to be measured, but it does not need a simulation of the model flow. A third, hybrid class uses a) a
complete knowledge of one flow variable, or an assumed relationship between the two flow variables, at the
measurement surface, and b) limited measurements of a second flow variable on the same surface. In these
‘wall-signature’ methods, a model representation is used, and the 'signature’ of the second variable is used to
define either the strengths of the singularities representing the model or the values of a parameter linking the
two flow variables. In the remainder of this Chapter the three types of methods are reviewed. Discussion of
one-variable methods (Chapter 4.1.2) is followed by a review of 'wall-signature' methods (Chapter 4.1.3).
Finally, two-variable methods are discussed in Chapter 4.1.4.
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4.1.2 ONE VARIABLE METHODS
4.1.2.1 DIRICHLET PROBLEM

For the Dirichlet problem, where the interference potential is specified on S, the appropriate Green's function
is one that vanishes on the measurement surface leaving

0Gp
9o, (P) = .[S @ - 05 on

With the appropriate Green's function, Gp, defined, the integral can, in principle, be evaluated once the
perturbation potentials ¢ and ¢ are known on S. The perturbation potential ¢ can, in principle, be inferred
from

ds. (4.6)

i) measurements of static pressure at the outside surface Sy by appropriate integration of the linearised
version of Bernoulli's equation,
o U, C,

ox T2 7

provided that the pressure coefficient C, is of sufficiently small magnitude for second order terms in Bernoulli's
equation to be ignored !, and

ii) a knowledge of the way the perturbation velocity potential varies across the upstream and downstream
faces Sy and Sp. If these surfaces are perpendicular to the tunnel axis this variation can be determined by
measurement of the upwash component of velocity at these faces. However, for sufficiently long working
sections, where the two faces are far removed from the model, this is probably unnecessary because the
contributions of the integrals over these faces can reasonably be ignored.

The integration of Equation (4.7) has been avoided in existing methods of the 'Dirichlet' type, which are based
on the streamwise velocity increment u = d¢/ox instead of the perturbation velocity potential . However, in
these methods, a further integration is needed to determine the wall-induced upwash, and the constant of
integration is determined from a measurement of the upwash at the upstream measurement station. The
alternative expressions have been derived for cylindrical boundary surfaces. For these types of surfaces, a
comparable expression may be derived from Equation (4.6) by differentiating each side of this equation by X.
Mokry and Ohman [36], in two dimensions, and Mokry [38], in three dimensions, used Fourier transform
techniques, in effect, to determine the required Green's function. Later, Mokry et al [40] used a doublet-panel
method, in which the doublet distribution on the measurement surface is determined satisfying the boundary
condition for the wall-induced increment in streamwise velocity. In all these methods, the influence of the
upstream and downstream faces can, in principle, be accommodated provided information about the variation
of the streamwise increment in velocity across them is available. In an analysis of the two-dimensional
problem in a working section of infinite length, Capelier et al [7] used complex-variable theory to solve the
equivalent Schwarz problem (Mokry et al [39]). An extension of this method to the case of a semi-infinite
working section was later developed by Paquet [43], who specified boundary conditions for the streamwise
velocity increment on an upstream measurement face.

' If these terms cannot be neglected then it will, in general, be necessary to determine the streamwise velocity

increment and hence the perturbation potential at the measurement surface by integrating the Euler equations in
the direction of the tunnel axis (Ashill and Keating [2] and Maarsingh et al [34]) .
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Methods using either the wall interference potential or the streamwise velocity increment are ‘autocorrective'.
This means that calculations by them of corrected stream speed are automatically compensated for errors in
the reference-pressure measurement (Capelier et al [7] and Paquet [43)).

4.1.2.2 NEUMANN PROBLEM

For the Neumann problem the normal gradient of the interference potential, or the normal component of the
wall-induced velocity, is given on the boundary. The required Green's function, Gy, is one with vanishing
normal gradient on S giving

0
mo,®) = - | (i -

The term dp/on in Equation (4.8), implies that the normal component of velocity or the flow angle has to be
specified on S. The measurement of flow angle causes no significant problems for wind tunnels with solid,
though possibly, flexible walls, since the flow angle is essentially defined by the condition of no flow through
the walls?>. On the other hand, for porous or slotted walls, flow angle needs either to be measured or to be
deduced from wall and plenum pressure measurements by using elaborate theoretical models. Measurement
of flow angle with the required accuracy is extremely difficult. For this reason, methods of the ‘Neumann' type
are not favoured for porous or slofted-wall wind tunnels. Indeed, the use of the wall-induced streamwise
velocity as a boundary condition, was originally proposed by Capelier et al [7] with just this problem in mind.

0
(ppj Gy dS. (4.8)

Where the difference in normal velocity is used as the boundary condition, as for Equation (4.8), the technique
is autocorrective in that errors in measurements of normal velocity or flow angle far upstream of the model are
compensated for by the method.

4.1.2.3 MiIXED PROBLEM

In some cases, where the normal velocity is well defined on parts of the boundary and the streamwise velocity
increment or the perturbation potential on other parts, a mixture of types of boundary condition may be
appropriate. An example of where such a treatment might be used is for a case with solid sidewalls and upper
and lower walls that are either perforated, slotted or flexible. In such cases, the boundary St may be divided
into §; and S;, on which conditions of the 'Dirichlet' and 'Neumann' types are, respectively, applied. If, for
example, the upstream and downstream faces are sufficiently remote from the model! for their effects to be
ignored, the solution for the interference potential may be expressed as:

oG 0 0
no,(P) = [, (@ -9) —/=dS - [ (_(p - (ij Gov dS, (4.9)
on on on

to be cylindrical and of infinite length; the wall-interference potential, ¢;, was expressed as the sum of
contributions due, respectively, to the model, an infinite array of images of the mode! simulating the solid
sidewalls and a remainder to allow for the flexible roof and floor. The last contribution was determined by
separation of variables and Fourier transforms of the resulting set of two-dimensional, partial-differential
equations. Smith [47],[49] used mixed boundary conditions in his treatment, by a panel method, of wall

2 It may be necessary to allow for the effect on normal velocity at the measurement surface of the change in wall

boundary layer displacement thickness between the empty tunnet and the model-in-tunnel cases (see Chapter
4.2).
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interference on the flow over two-dimensional aerofoils in a working section that was slotted in one part and
solid upstream and downstream of it. Boundary pressures were measured only over a part of the working
section, which extended beyond the slotted region. He applied conditions of the 'Dirichlet’ type to this part (S;)
and 'Neumann' type conditions to the solid regions upstream and downstream of it (S;).

Mokry et al [39] noted that some care needs to be taken with mixed boundary conditions at any line or point
where the conditions change from one sort to another. They also raised concerns about the uniqueness of
the solution which, in the case considered by Smith [47], is presumably ensured by satisfying the condition of
smooth flow at the two joins.

41.24 MODEL REPRESENTATION ERRORS

As noted in Section 2.1 one-variable methods require some form of model representation. In principle, the
simulation may be achieved with suitable distributions of potential singularities so long as the flow is subcritical
at the tunnel walls. The problem is to determine the strengths of the singularities. Smith [47] noted the
importance of accurate model representation, arguing that errors caused by inaccurate modelling could be as
large as the interference quantity itself. For subcritical flows over wings or bodies at low angles of incidence,
linear theory can be used with allowance for model thickness or cross-sectional area (Gamner et al [15]) and
with other modifications, as described below. However, for transonic flows or for flows with large regions of
separation, the problem is much less easily solved owing to the non-linear character of the flow in the near
field of the model. Numerical methods have been developed, in which various approximations to the Navier-
Stokes equations have been solved for aerofoils and wing-body configurations (Kemp [23], Newman et al [42]
and Rizk and Smithmeyer [45]). These methods require both the wind tunnel and ‘free-air' flows to be
calculated and are expected to be of particular value when there are supercritical-flow patches at the wall, but
it is unlikely that it will be possible to correct such flows to ‘free-air' conditions except in adaptive-wall tunnels
(see Chapter 4.1.4). It would appear that these methods have not been used to calculate the strengths of the
equivalent potential-flow singularities. However, Mokry [41], applying a suitable contour integration to
numerical coupled solutions of the Euler and boundary-layer equations, has determined doublet strength
for transonic flows over aerofoils with supercritical flows contained within the working section.

If numerical calculations of transonic flows, or, indeed, any other complex flows, are to be avoided, three
possible approaches may be used to minimise errors due to model representation:

i) Exploit an observed tendency for different types of boundary condition to have different
levels of sensitivity to model representation errors.

It may be noted that the contribution of the model representation term to the wall interference potential can be
determined for each type of boundary condition by setting ¢ = 0 in Equation (4.6) and d¢/on = 0 in Equation
(4.8), while, for Equation (4.9), it follows by setting ¢ = 0 on S; and &¢/on = 0 on S,. This implies that, for wind
tunnels with long, cylindrical working sections, the respective contributions due to model representation in
methods of the 'Dirichlet' and 'Neumann' type can be inferred from classical results for tunnels with open-jet
and solid walls and, for mixed boundary conditions, by a combination of wall types. In this respect, it is useful
to think of a wind tunnel having a working section with the same cross section as the measurement surface
and with classical wall boundary conditions, hereafter referred to as the 'equivalent wind tunnel'.
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The observations in the last paragraph are not merely of academic interest, since they allow extensive
experience with classical wall-interference methods to be used to assess the contribution to wall-induced
velocities from imperfect model representation. In the past, particular emphasis has been placed on
determining the strength of the doublet representing the volume effect of the model and its associated
supercritical flow in the far field. The reason for this is that non-linear effects of compressibility affect doublet
' strength in a way that is not represented in linear

or D theory, and, consequently, this is a possible
\__//(closed) source of error. It is therefore interesting to

T compare the wall corrections associated with a
source-sink doublet placed on the tunnel axis in
0.5 , various equivalent wind tunnels of rectangular

cross section. Resuits for the wall shape factor for
the doublet

]

\
\
.
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// E’“} T are plotted in Figure 4.3 against (effective) working

‘-l--" section breadth to height ratio B/H, where u™ is

) 0'3.5 0 15 B/H 20 the wallinduced or blockage increment in

streamwise velocity at the model for

Fig4.3 Wall shape factor T incompressible-flow conditions and V is model
volume.

Shown in the figure are cases with working sections that are i) fully-closed (Neumann), ii) fully-open (Dirichlet),
iii) mixed, open sidewall and closed roof and floor and iv) mixed, open roof and floor and closed sidewalls.
Results for the fully-closed and fully-open cases have been gleaned from information given by Garner et al
[15], while the results for the two 'mixed’ cases have been calculated for this study. For values of B/H close to
unity, the 'Dirichlet’ case gives a wall shape factor that is only 28% of the magnitude of that of the 'Neumann'
approach, indicating that the 'Dirichlet’ approach is to be preferred to the 'Neumann' approach from the point
of view of minimising model-representation errors. For B/H = 1 the 'mixed’ approach gives an even lower
value, with a magnitude of only 10% of that of the 'Neumann' value. The 'mixed' approach also yields zero
blockage (due to model representation) for mixed conditions of type iii) above with B/H = 1.17 or of type iv)
with B/H = 1/1.17 = 0.85. These are significant results which could have an important bearing on where and
how to apply wall boundary conditions with one-variable methods and possibly also on the design of any
future wind tunnels. '

Similar cbnclusions have been reached in calculations performed for 'long' bodies simulated by an axial
distribution of sources or sinks, results of which are given by Ashill (1994), who presents a fuller account of a
study of effects of types of boundary conditions on model representation errors.

It should be remembered that the porous or slotted region does not necessarily occupy the whole length of the
working section. It may, therefore, be possible to exploit this feature by using, as Smith [47],[49] has done,
boundary conditions which differ from one part of the working section length to another. It may be possible to
decrease the open-area ratio of the equivalent wind tunnel by applying '‘Neumann' type conditions where the
wall is solid upstream (and downstream) of the slotted or perforated region. For slotted-wall tunnels, it may be
possible to apply the solid-wall condition on parts of the slats between the slots to reduce the sensitivity to
model representation errors. Kemp [22] applied boundary conditions in this way in his method for
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classical boundary conditions (Garner et al [15]). For
a square tunnel the smallest values of the classical
parameters 8, and 8, are obtained with the walls of
the equivalent wind tunnel open at the sides and
closed in the roof and floor, for which & = 0. This
means that, if an accurate estimate of lift interference
is the overriding consideration and there are doubts
about the accuracy of the representation of the
model lift distribution, 'Dirichlet’ type conditions should
be applied at the sidewalls and 'Neumann' type
conditions at the roof and floor. Plainly, this is an
unattractive option for tunnels with a slotted roof and
floor such as ETW and NTF. Fortunately, the Iift
distribution of models is usually determined from

measurement or can be estimated with some
confidence. Consequently, errors from this source
are unlikely to be serious.
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Fig 4.4 Lift interference for ‘small’ wings on
axis of equivalent wind tunnel of

rectangular cross section
Basing his ideas on the earlier work of Davis [11],

Schairer [46] developed a method for two-dimensional tests in which the influence of model representation
was eliminated altogether by using measurements of one flow variable, normal velocity, at two separate
surfaces. Schairer found that he was unable to obtain wall-induced velocities of adequate accuracy owing to
the limited range of the measurements along the working section. The method does not seem to have been
adapted to three-dimensions, but studies by Davis [11] suggest that the method is much more complicated for
three-dimensional flows.

iil) Make use of experience from testing in solid-wall wind tunnels.

Evans [12] was able to make significant progress using measurements of wall pressures. As well as drawing
attention to the importance of representing body length for typical models, he showed the significance of using
the corrected Mach number in the Prandti-Glauert factor when determining the strengths of the sources and
sinks representing a body. This important point, which does not appear to have been fully grasped in some
later work, is illustrated in Figure 4.5 showing comparisons between calculation and measurement of wall
pressure measurements in the RAE 10ft x 7ft Tunnel for a series of bodies. Since the correction is not known
a priori, this implies an iteration process. However, if, as is often the case, the corrections are calculated 'on
line’ during the test, the nominal Mach number can be adjusted until the corrected Mach number corresponds
with the desired value. Evans concluded that an error in the solid blockage at drag-rise conditions could be
reconciled with an increase in the effective volume of the model, and he suggested that this error is directly
proportional to the rise in drag coefficient.. Although plausible and based on comparisons with wall pressure
measurements, this result does not have a rigorous theoretical basis.
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4.1.3 WALL-SIGNATURE METHODS

iii) Obtain more accurate estimates of
singularity strengths using asymptotic
expansion or other approximate methods.

Using the method of matched asymptotic
expansions, Chan [8],[9] established a correction
for compressible non-linear effects to doublet
strength for two-dimensional aerofoils. For the
same problem, Smith [48] used Green's formula
to obtain an estimate of the doublet strength.
Mokry [41] showed that doublet strength
depends on aerofoil camber and angle of
incidence as well as thickness. It would appear
that these approaches have not yet been
extended to three dimensions. No correction is
needed to vortex strength for compressibility if the
spanwise distribution of local lift coefficient of a
wing is known either from pressure measurements
or can be inferred from overall-force
measurements.

As noted earlier, there are two variants of the wall-signature method. In the first, one component of velocity is
known and the other is measured at a limited number of points on the measurement boundary. By matching
calculation to measurement at this boundary it is then possible to determine the strengths of the singularities
representing the mode!. The best known application of this type of method is to solid-wall wind tunnels, for
which the normal-velocity component may be taken to be zero at the walls. Therefore, with the measurement
boundary taken to coincide with the walls, the solution to the Neumann problem, Equation (4.8), may be used

to obtain:

4TE(P1(P) = - .[S

00,

n

G dSs. (4.10)

After differentiation by X, Equation (4.10) may be re-expressed as:

4nfu(P) - ur(P)] = - an

or as

uP) = ur(P) -

00, OGy
oX

ds,

090Gy

I on 0X

ds 4.11)

Here the differentiation with respect to X has been taken under the integral sign because Gy is smooth and
continuous within the region of integration. If the point P is taken to be limitingly close to the walls, the
left-hand side of Equation (4.11) may then be defined by static-pressure measurements at the walls, together
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with the linear Bernoulli Equation (4.6), at N points. Thus, if the model is represented by a distribution of N
singularities, Equation (4.11) may be regarded as a linear (integral) equation for the unknown .singularity
strengths. For a wind tunnel with a cylindrical working section of length that is sufficiently large to be assumed
infinite, the integral in Equation (4.11) may be replaced by a doubly-infinite sum for each singularity,
representing the image effect of the tunnel walls.

The idea behind this approach, which is

illustrated in Figure 4.6, goes back to YIIIIIIIIIIA VA G4 FIA VOV II SISV
the 1940's when the problems of testing

at high subsonic speed in solid-wall N singularities

tunnels were first addressed. Mokry et al /
[39], reviewing various early methods for
two-dimensional flows, described a - @ﬁ.%%é -

simple procedure to determine the

strengths of a doublet, vortex and source N measurement points
representing a lifting aerofoil from
static-pressure measurements at three
points on both the roof and floor of the
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working section. They argued that X Point source
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later, which need no  model

representation. A contrary view is that  Fig4.6 Sketch illustrating ‘Wall signature method* for solid
wall-signature methods are to be wall wind tunnels

preferred in some applications because

they need relatively-few measurement points compared with two-variable methods. Smith [47], using a
method similar to that described by Mokry [37], suggested that an aerofoil with a chord to working section
height ratio of about 0.2 could probably be represented adequately in the far field by about ten singularities
placed at a single point, requiring ten measurement points. Evans [12] found that it was possible to represent
a body of revolution by a point source and point sink, in each case placed at a fixed distance from the centre
of volume of the body on its axis, indicating the need for two measurement points. These numbers of
measurement points would be considered much too low for a two-variable method. However, where the
model! flow field is complex and not easily represented by singularities, two variable methods are probably to
be preferred (see Section 4.2.4). Nevertheless, the wall-signature strategy has been used to determine wall
corrections for models with separated flows (Hackett and Wilsden [18], [19] and Hackett et al [20]) and jets in
cross flow (Wilsden and Hackett [52]).

Le Sant and Bouvier [29] found that the matrix inversion needed to solve equation (4.11) is ill-conditioned
owing to the insensitivity of the flow at the walls to details of the model. They suggested that this problem
could be overcome by gathering singularities into groups with fixed relative strengths. A method similar to this
is routinely used to determine the blockage for tests at subsonic speeds in the 8ft x 8ft (solid-wall) Wind
Tunnel at the Defence Evaluation and Research Agency (DERA), Bedford (Isaacs [21]). The axial source
distribution representing model volume is assumed to be represented adequately by linear theory and the
theory is used merely to determine the ratio between the mean value of the streamwise velocity increment at
four points on the walls (two on the roof and two corresponding ones on the floor) and the blockage increment
at a reference point on the model. Measurements of the change in static pressure coefficient between the
empty tunnel case and the case with the model in the wind tunne! at these same points provide sufficient
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information to determine the blockage at the model reference point. Experience has suggested that the
method is reliable (Isaacs [21]).

If comprehensive measurements could be made of static pressures at the measurement boundary, a similar
procedure to that described above could, in principle, be developed using, instead, the 'Dirichlet’ approach,
together with limited measurements of flow angle to give nomail velocity at the boundary. This approach may
be useful for wind tunnels with perforated or slotted walls but it has not yet been tried as far as is known.

The second variant of the method uses a ‘wall' pressure signature to establish or check the value or values of
a parameter linking the flow variables at the measurement surface. This approach has been used by
Vaucheret [50], who combined a validated model representation with wall pressure measurements, to infer the
porosity of the roof and floor liners of the ONERA S2Ma Tunnel. In a similar way, Goldhammer and Steinle
[16] made static pressure measurements on four rails to verify the porosity factor used in a simulation of
slotted walls. As with Vaucheret's method, a model representation is used.

4.1.4 Two-VARIABLE METHODS

In section 4.1.2.4 it was shown that the contribution of the model representation term to a particular
component of wall-induced velocity at a point on the model could be eliminated by a suitable mixture of types
of boundary condition on S. Equation (4.5) indicates that the contribution of mode! representation terms
vanishes identically when

5 8G
0= |, (——a(—”;ﬁ G- o, Ej ds. (4.12)

This suggests that the Green's function satisfying this condition is that for an interference-free, equivalent wind
tunnel. In turn, this suggests that the appropriate Green's function is:

G = GF = 1 bl

r

the free-space Green's function (Mokry et al, [39]), which, in aerodynamic terms, may perhaps be called the
free-air' Green's function. For this Green's function, Green's formula gives

IS( a(PFZ _ (pFé_ (_]_) j ds - IV Z AZ(PF dVv = 0) (4.13)
on r on \r ‘r

where V; refers to volume integration in the fictitious region, R, outside the measurement region (Fig 4.1).
Thus, provided that the perturbations in the free-air flow outside the working section are 'small’, the
perturbation potential g may be considered harmonic in this region with the consequence that

op, 1 5(1))
—£ . —| =1 |dS = 0.
Is(an r (pFﬁnr

Thus, for flows of this type, the Green's function G satisfies equation (4.12) to give, in place of equation (4.5),
an expression no longer containing model-related terms

4no,P) = - | ( CLE . (1) ) ds. (*14)

onr % r
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This expression was derived by Ashill and Weeks [4] in a somewhat different way to the way presented here
and it appears in a number of references (Kraft [25], Mokry [35] and Labrujere [28]) giving a particularly
elegant derivation. Corresponding expressions have been obtained for plane, two-dimensional flows, using,
variously, Fourier transforms (Lo [33]), Green's formula in the plane (Ashill and Weeks [5] and Labrujere [28]
and Cauchy's integral formula ( Ashill and Weeks [5], Kraft and Dahm [26] and Smith [49]).

A consequence of not having to know anything about the flow around the model is that it is necessary to
measure both components of velocity at all parts of the measurement boundary. The first term under the
integral sign in equation (4.14), recognised as the contribution of sources of strength dp/on, requires the
normal component to be known at S, while, for the second term, which is the contribution of source doublets,
the streamwise velocity increment on S is needed. For solid-wall tunnels, including certain types of
adaptive-wall wind tunnels with flexible liners, this poses no significant problems, since the normal component
is effectively defined by the condition of no flow through the walls®. For other types of walls, however, the
measurement of normal velocity over the whole measurement boundary is much more difficult. As a result, the
method has largely been restricted, up to now, to solid-wall tunnels (Ashill and Weeks [4] and Ashill and
Keating [2], [3]), although some progress is being made in determining the normal component in perforated
and slotted wall tunnels (Freestone and Mohan [13] and Mohan and Freestone [14]).

A major enhancement that became possible with two-variable methods is the calculation of wall interference
for complex flows in solid-wall tunnels, e.g. those for high-lift configurations, helicopters and other V/STOL
aircraft. The facility to ignore the flow around the model is an important advantage. One area which has been
known to cause difficulties in the past is the calculation of blockage for aircraft configurations at high angles of
attack, where the flow over the lifting surface is partially separated. In particular, experience in various
establishments with the semi-empirical method due to Maskell for calculating blockage was not entirely
favourable. However, it was found that, in many cases, Maskell's method gives an overestimate for blockage
correction with a consequential underestimate in maximum lift coefficient. This view was confirmed for a
combat-aircraft configuration (Ashill and Keating [2], [3]) and for a civil transport model (Kirkpatrick and
Woodward [24]) by comparisons between results from Maskell's method and of calculations using a
two-variable method. A careful and thorough assessment of a two-variable method for tests at low speed and
high lift has been made by Maarsingh et al [34].

Another area where two-variable methods have been used is in the calculation of residual wall interference in
adaptive-wall tunnels (Lewis et al [32] and Lewis [31]), where, as noted before, it is routinely necessary to
measure both flow angle and static pressure at the measurement boundary. Mokry [35] showed how
equation (4.14) may be manipulated to give a convergence formula to allow the shape of the of the walls of an
adaptive-wall wind tunnel to be altered in one step to give nominally interference-free flow. He also showed
that two-variable methods are autocorrective in character.

Since the Green's function in equation (4.14) is known, special techniques for determining the function, or
equivalent techniques, are unnecessary in two-variable methods. Methods of this type can, therefore, be
applied to measurement boundaries of irregular shape with relative ease. In this respect, two-variable
methods may be favourably contrasted with one-variable methods.

If the free-air perturbation potential in the fictitious region R is not harmonic, then the volume integral in
equation (4.13) can no longer be ignored and equation (4.14) is replaced by

3 As noted before, allowance may need to be made for the change in wall boundary-layer thickness between the tunnel empty and model-in-
tunne! cases, further information being given in Chapter 4.2.
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0o 1 0 (1 1
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It may be thought that this is an extreme situation and, as mentioned before, that it would not be possible to
correct such flows to equivalent free-air conditions. However, flows of this type are found in adaptive-wall
tunnels at high subsonic speeds (Lewis et al [32] and Lewis [30]), and it has therefore been necessary to
establish the magnitude of the residual corrections for wall constraint (Lewis [30]). For practical reasons, it
might be convenient to avoid eliminating tunnel-wall interference altogether in adaptive-wall wind tunnels,
concentrating, instead, on ensuring that the wind-tunnel flow may be corrected to equivalent free-air
conditions.

A problem with equation (4.15) is that it requires the source term or volume integral in the fictitious region R
outside the measurement region to be calculated. This requires a (transonic) flow-field calculation as well as
the evaluation of the integral. To avoid the latter difficulty it is useful to think of a flow in the fictitious region R
with a velocity potential @ that is identical to the free-air flow velocity potential in the near field of the model.
This implies that the difference in perturbation potentials (¢r - ¢r) is harmonic in this region. Thus, if Green's
formula is applied to the perturbation potential g in the same way as was done to obtain equation (4.13) and
the resulting expression is combined with equation (4.15), it is found that

4@, (P) = 'Is [(%B - a_(,)ﬁ] - (¢ - 9,) _é_(i))dS + IVO (i) A (@, - ©,)dV,
n on r
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ks ([8}1 S on)r (- (pR)an r ds.

Mokry [35] refers to this variant of the two-variable approach as an ‘interface - discontinuity method’,
expressing the fact that the equation contains discontinuities in the normal velocity and perturbation potential
across the measurement boundary.

For a solid-wall tunnel

00, _ 99

on on
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and thus equation (4.16) reduces to
1 0 (1)
P) = — - @ )=—| ] dS.
0.(P) = I (¢ %)an .

This expression is recognised as the potential at P due to a distribution of source doublets of strength (o -
¢r) 0N S, and, for a cylindrical measurement surface, the integral may be rewritten in terms of a distribution of
horseshoe vortices (Ashill and Keating [3] and Mokry [35]). The strength of each of these vortices is directly
proportional to the local wall loading. Judd (unpublished research, Southampton University) derived the
corresponding expression for two-dimensional flows which was used by Goodyer and Wolf [17] to determine
residual corrections in the flexible-wall tunnel at Southampton University. This method was later extended to
three dimensions by the Southampton-University group (Lewis [31]). For the study of aerofoils at transonic
speeds in the same wind tunnel, Lewis [30] performed calculations of the fictitious flow (effectively to
determine either g or dpr/0x) using a transonic small-perturbation method. Since the boundaries of the
fictitious flow are cylindrical or planar, this calculation is less demanding than that for the free-air flow about the
model at transonic speeds, particularly in three dimensions.




4-17

If the external flow is solved as a Dirichlet problem so that

O = @

at the measurement surface, equation (4.16) reduces to

1 (6(;) a(pjl
P) = - — — - LR 48,
¢:(F) ir IS on on/r

which is the potential due to a distribution of sources of strength (dp/on - dpr/én). This approach was
suggested by Rebstock and Lee [44].
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4.2 CLOSED TEST SECTIONS

LIST OF SYMBOLS for chapter 4.2

working section breadth
Working section cross-sectional area
Hydraulic diameter

free-stream Mach number
parameter defined by Adcock and Barnwell (1984)
Model reference area

TOLC TIOLerance for Columns

Prandtl-Glauert factor, g =./(1-M?)

p
A Increment due to presence of model
&

o
D
H working section height
M
N

Lift interference parameter
) Wall boundary layer displacement thickness in empty tunnel at model station
6 Wall boundary layer momentum thickness in empty tunnel at model station
Q

Ratio of solid blockage in a wind tunnel of given height to breadth ratio with wall boundary
layers to the maximum value of solid blockage in the same wind tunnel without boundary layers

4.2.1 BACKGROUND

The possible benefits of using measurements of wall pressures to calculate wall-interference corrections
in closed-wall test sections were realised in the early 1940’'s when compressibility effects on the flows
over wings and bodies were first observed (Gsthert [13], Thom [32]). A review of this early work is given
in Section 5 of AGARDograph 109 by Garner et al [11]. It was appreciated early on that linear-theory
descriptions of the near-field flow around the model are increasingly inadequate as free-stream Mach
number increases towards unity. This led to the idea of using wall pressures to determine the strengths of
the singularities representing the model. This was justified on the grounds that the flow satisfies the
linearised potential equation in the far field. Methods of this type are known as wall-signature or wall
pressure signature methods, the underlying theory for which has been described in Section 4.1.3.

In the 1970’s an analogous problem was discovered with the representation of wind-tunnel models at
high lift, in which flow separation may occur on part of the model (Hackett and Wilsden [14], [16], and
Hackett, Wilsden and Stevens [17]). For flows of this type linear theory is totally inadequate for modelling
the near field. Hackett and his colleagues used wall pressures to determine the strengths of singularities
representing the model flow in the far field. This aspect is considered in more detail in Sections 4.2.5 and
4.2.6, and in Section 8.3. The usual Neumann condition of zero normal velocity at the walls was applied
by using the classical method of images. Hackett's group was able to demonstrate the application of the
wall signature method to a wide range of flows, including wings with jet flaps. A related approach has
been adopted by Ulbrich, Lo and Steinle [33], Ulbrich and Steinle [34], [35].

The development of the two-variable method in the late 1970’s provided a further technique for calculat-
ing wall interference in closed-wall tunnels. The derivation of this method has been given in Section 4.1.4

- . P
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and in this approach wall interference is defined by the distributions of two flow variables on a surface
surrounding the model - the streamwise and normal components of velocity. No model representation is
needed. If the surface is taken to coincide with the wind-tunnel walls, the normal component is usually set
to zero to satisfy the condition of no flow through the walls, as with the wall signature method. However,
where there are significant interactions between the constrained flow over the model and the wall bound-
ary layers, allowance may need to be made for the change in displacement effect of the wall boundary
layers. This aspect is discussed further in Section 4.2.2. This leaves only one variable to be determined -
the streamwise velocity - and this can be inferred from Bernoulli's equation so long as the velocity pertur-
bations at the wall are small compared with free-stream speed. This question is considered further in
Section 4.2.4.

4.2.2 BOUNDARY CONDITIONS

The assumption usually used in both the wall signature and two-variable methods that the normal
component of velocity is zero at the walls is equivalent to neglecting the interaction between the inviscid
flow-field and the wall boundary layers. The validity of this assumption needs to be carefully assessed in
each case. At one extreme where the flow perturbations are small, as for example in low-speed flows
over a model at low lift, the effect on the wall boundary layers can be demonstrated to be negligible by
simple one-dimensional considerations. At the other extreme, where flow perturbations are ‘large’, the
interaction cannot be ignored. Examples of the latter type include flows were shock waves reach the wall
(Lewis, 1988) and where the wall boundary layer separates as a result of large adverse pressure
gradients induced by high-lift models (see Section 8).

Berndt [7] appears to have been the first to draw attention to the effect on blockage and the choking
Mach number of the interaction between the inviscid flow-field associated with the model and wall inter-
ference and the wall boundary layers. He used a simplified method to calculate the effect. More recently
a theoretical method with some simplifications has been presented by Adcock and Barnwell [2] for
tunnels of rectangular cross section. This method is based on approach of Pindzola and Lo [26] for
slotted-wall tunnels to solve the boundary-value problem for the perturbation potential. The simplifications
made include the neglect of the change in wall shear stress due to the presence of the model and the
assumption that the transformed shape factor is unity. Both these assumptions are justified for the high
Reynolds number conditions of wind tunnels. In addition it is assumed that, in the empty tunnel, 5* and 6,
the wall boundary-layer displacement and momentum thicknesses may both be taken constant and equal
to the values at the model station. It is further supposed that the wall boundary layer is two-dimensional
in character so that its development when the model is in the working section can be described by the
Von Karman momentum integral equation. As well as studying the effect on blockage, Adcock and
Barnwell also considered the extent to which lift interference is influenced. For this purpose they
represented model volume by a source doublet and the lifting effect by a vortex doublet. For the analysis
they found it convenient to define a parameter

1 4.17)

N:
1+2—y(1+———6*+9j
B B> 8
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Results for the ratio of the solid blockage in a wind tunnel of given height to breadth ratio with wall
boundary layers to the maximum value of solid blockage in the same wind tunnel without wall boundary
layers, Q, and the lift interference factor & are shown in Figure 4.7 and 4.8 for working sections with H/B
= 1. Charts such as these and others given by Adcock and Barnwell provide a useful guide as to the
likely magnitude of the effect both on blockage and on angle of incidence in the absence of wall-pressure
measurements (see below).
Adcock and Barnwell observed
that, owing to linearisations in
the method, results obtained
with it should only be used for
values of N down to about 2/3.
For the typical values 25/B =
0.01,8/6=14andM=0.8,N=
0.95 and, it may be inferred
from Figure 4.7, that the
maximum value of Q is 0.85. In
other words, for this case, the
maximum blockage is 85% of

H/B=1.0
N=10

I.OF

-.4L the value predicted by classical

L | H 1 i 1 ] e .
40TE 5 T4 Sz 0 f 46 5 o [nviscid theory. Regarding the
xI2pH effect on lift interference, Figure

4.8 shows that, at the position

of the doublet, the wall

boundary layers only affect the
streamwise gradient of wall-
induced upwash, the gradient
becoming less as the parameter
N decreases.

Figure 4.7 Calculated effect of wall boundary layers on blockage
(after Adcock and Barnwell [2])

HIB =1.0

A combined experimental-
theoretical study has been made
of the effect of wall boundary
layers on the blockage of bodies
at high subsonic speeds (Ashill,
Taylor and Simmons [5]). Results
for measured values of the mean
10 -.8 -6 -4 -2 0 .2 4 6 .8 Lo of the increment in pressure

x/28H coefficient, relative to empty-
tunnel conditions, at the roof and
floor of the working section for an
axisymmetric body at zero angle
of incidence are shown in Figure
4.9. In this figure the measured data are compared with results of a classical inviscid theory and those of
the same theory but including allowance for the wall boundary-layer effect. The viscous theory gives
improved agreement with measurement, particularly at the highest Mach number shown, M = 0.93. This
theory differs from that due to Adcock and Barnwell in that a viscous-inviscid iteration process and a
more-accurate form of the normal-velocity condition are used. As in the treatment of Adcock and
Barnwell, Ashill et al solved the Von Karman momentum equation and, to simplify the boundary-value

Figure 4.8 Calculated effect of wall boundary layers on lift
interference (after Adcock and Barnwell, 1983)
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problem, took the normal velocity to be
constant around the working section at a -4¢p
fixed streamwise or axial station'.
Furthermore, based on assessments of 0.05
calculations of two-dimensional boundary
- == Viscous theory

layers by the method of Green, Weeks Inviscid theory = 0.93
and Brooman (1973), they took the ©  Measurements
boundary-layer shape parameter to be a
constant. With these assumptions the -AC,
expression corresponding to equation o}
(4.17) is: 0.05

1 ~2.0

N= (4.18)
25*(5*+9J

1+—— ——
B\ B*6
Equations (4.17) and (4.18) give results for  -4Cp
N that become increasingly close as Mach
number and shape parameter 870 both 0.05 I : $
tend to unity. -2.0 -Lo 0 B

Similar values for the change in blockage

due to the wall boundary layers are M =070
obtained by the two methods. Figure 4.9 Jm\ o
shows that the effect of the interaction is o} oo

significant. Fortunately, methods that — e
make use of wall-pressure measurements, -2.0 -Lo 0 x/B

such as those referred to above, account :

for a major part of the effect. This remark  Figure 4.9 : Axial distributions of increment in wall static
pressure coefficient due to the presence of
the model : comparison between measure-
ment and viscous and inviscid theories

is supported by the results of calculations
by a two-variable method for transonic
flows over an aerofoil where the wall pres-
sure gradients were mild (i.e. the supercritical region was contained within the working section). These
calculations (Ashill and Weeks [6], Rueger et al [26]) indicate that, when use is made of wall-pressure
measurements in a two-variable method, the boundary-layer effect is not significant. The reason for this
is that the wall pressures contain some information on the effect of the wall boundary layer on the
flowfield. However, more recent work by Ashill et al [5] suggests that the effect needs to be allowed for
with wall-pressure methods as Mach number approaches unity when the pressure gradients at the wall
induce larger changes in boundary-layer thickness than at lower speeds. Similarly, the effect may well
need to be represented for flows over high lift wings at low speeds where the pressure gradients induced
at the walls can be relatively large.

In summary, for models at cruise conditions, the effect on calculated wall-induced velocities of the inter-
action between the inviscid flowfield and the wall boundary layers is likely to be insignificant except at
high subsonic speeds, provided that a method based on wall-pressure measurement is used. More
generally, the effect is likely to be important when the wall boundary layer is close to separation and may
therefore be important for high-lift models at low speeds. Care should therefore be taken to monitor wall

' This approach would need to be modified for the lifting case where significant variations in boundary-layer thickness would be expected
around the working section.
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pressure distributions so that, if in doubt, calculations can be made of wall boundary layer development
relative to empty-tunnel conditions.

4.2.3 NUMERICAL APPROXIMATIONS

Provided that the effect of the wall boundary layers can be ignored the effect of the walls may either be
represented by the classical method of images (as in the wall pressure signature method) or by a distri-
bution over the walls of elementary source doublets or horseshoe vortices (as in the two-variable
method). In the former case consideration needs to be given to the numerical convergence of the doubly-
infinite series and methods of accelerating convergence may need to be considered. One such, which
has been applied by Isaacs [19] to the case of sources within wind tunnels of rectangular cross section,
involves replacing the source images far from the walls by a source sheet. Analytical relationships may
be used to replace double summations by rapidly convergent single series (Glauert [12], Garner et al

[11D.

A method of representing the elementary source doublets by constant-density panels in the two-variable
method is described in Section 4.3. An approximation to the alternative horseshoe-vortex approach is
described by Ashill and Weeks [6]. So long as wall interference is not required close to the wind-tunnel
walls a simple numerical integration procedure may be used to evaluate the integrals (e.g. Simpson's
rule). However, if this is not the case special treatment of the singular integrals will be required. This may
be done by using a panel method analogous to that described in Section 4.3.

4.2.4 CHolcE oF METHOD

Faced with the choice of the two wall-pressure methods, the wind-tunnel engineer needs to know their
relative advantages or disadvantages. For attached flows typical of transport aircraft models at cruise
conditions the wall-signature method is easy to apply and requires only a small number of wall-pressure
measurements (Isaacs [19]). The model may be represented without difficulty by distributed singularities.
The two-variable method, on the other hand, needs no model representation, as noted before, but
requires many wall pressure measurements, typically of the order of 100 (Ashill and Weeks [6]). For this
reason, a wall-signature method has been favoured for correcting data for blockage in tests on con-
ventional aircraft models at high subsonic-speed cruise conditions in the 8ft x 8ft Tunnel at DRA Bedford.

For flows over aircraft models at high lift, the problem of model representation is more difficult and
requires some experience in determining suitable distributions (see Section 4.2.6 and Section 8).
However, as for high-speed testing, only a smal! number of wall-pressure measurements is needed. This
contrasts with the two-variable method, which, as at high speed, needs a large number of wall-pressure
measurements (Ashill and Keating [4]). On the other hand, for complex flows, such as those as studied
by Ashill and Keating over a combat-aircraft model at high lift, the ability to obtain wall-interference
without the need to know anything about the flow over the model is a clear advantage of the two-variable
approach.

Wall boundary condition methods need only be used where classical methods, based on linear theory,
cannot be applied or are expected to fail. However, where possible, calculations should be performed by
a classical image method, if only as a check that the results obtained from a wall boundary condition
method are sensible. As a general rule, it is recommended that wall-induced velocities should be
calculated by more than one method.
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4.2.5 MEASUREMENTS AND ANALYSIS OF WALL PRESSURES

4.2.5.1 WALL PRESSURE-SIGNATURE METHODS

It is self evident that success in using the wall pressure signature approach rests in measuring the signa-
tures properly. The signal level can be small for small or low-drag models and imperfections in the tunnel,
its instrumentation and its operation can easily compromise the pressure-signature measurements.

An ideal pressure signature requires:

a)

b)

c)

d)

A test section length of 2.5 to 3.0 hydraulic diameters. This is rarely achieved in existing general
purpose tunnels. The pressure signature peak, which typically lies aft of the model, should be
between 35% and 40% of the test section length from the start of the test section.

Smooth data with local inconsistencies and errors due to orifice and test section surface
characteristics removed. This involves referencing all signatures to the appropriate ‘empty-tunnel’
condition, which might include model supports (sting, mounting struts, etc., as discussed in section
1.2, see also section 8.3.2).

High quality pressure instrumentation and proper transducer ranging.

Well-defined asymptotes at the upstream and downstream ends of the signature. The front of the
signature should asymptote to the test section reference pressure. An offset asymptote can be
handled successfully provided that it is well defined.

Figure 4.10 shows three pressure orifice distributions used in the Lockheed wind tunnels and a
suggested distribution that will be discussed below. All four examples involve tunnels with B/H = V2. The
orifice X-locations are normalised on working-section width, B, and a sub-scale based on hydraulic

Model Location
Y

. L B S L S ——e point NASA CR 152032

PR DR PO R X +-—¢—+-—Original 12-point Lockheed LSWT

T +o-4-oo—to—e—slo—22.point Lockheed LSWT

L 4
*
4
9
4
4
4
4
4

e Suggested 15-point distribution

-

-1.0 0.8 0.6 04 02 00 02 04 06 08 10 12 14 16 X/B

LU by by b e by b v b b b b
-10 08 06 04 02 00 02 04 06 08 10 12 14 16 XD

Figure 4.10 Typical orifice locations for the pressure signature method
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diameter, D, is provided. Four-wall application is preferred but practical considerations may preclude
floor-mounted orifices, particularly in large tunnels. This is discussed further in Section 8.3.2. The first
distribution (the upper set) was employed in the (previously) Lockheed 30" x 43" MTF Wind Tunnel during
the development of the wall pressure signature method for powered models (see for example Hackett
and Boles [15]. To provide sufficient length for large wakes to develop, the test section length was
doubled, leaving the model in its original position. This placed the model at approximately a quarter of the
test section length from the entry point. The second example shows the system originally installed in the
Lockheed 231/4 ft x 161/4 ft Low Speed Wind Tunnel. There are too few orifices and the signature is too
short for general purpose testing but, with care, the system can be used for car testing. The greatest
difficulty with this particular arrangement lies in obtaining sufficiently accurate wake source values and
there is likely to be an adverse impact on calculations of the wake-induced drag increment (see Section
6.2.6 and 8.3.1.5). The third example shows a preferred arrangement for this tunnel. The last example is
a further orifice arrangement suggested for test sections of insufficient length. Point concentration has
been increased towards the end of the signature in an attempt to capture the asymptotes more
successfully. The added points should be used as part of a larger array when fitting the asymptotes.

When setting up a tunnel system to measure pressure signatures, the following additional sources of
trouble should be borne in mind:

i) bad readings from failed or failing pressure transducers.

ii) influence of the model and its images beyond the walls on the reading of the tunnel reference
pressure. This problem can sometimes be corrected by regarding the reference pressure reading
as part of the wall pressure signature.

iii)) interference from model-induced distortions (relative to empty test section conditions) of the wall
boundary layers. In extreme cases, where a high energy jet hits a tunnel wall, for example, flow
control may be needed at that wall (see Section 8.3.1).

iv) insufficient sensitivity and/or accuracy of the pressure instrumentation.

v) an insufficient number or poorly selected distribution of pressure orifices.

Human monitoring of each pressure signature is an unrealistic and costly burden, and computer monitor-
ing has not been used, as far as is known, because of the difficulty of doing so. This is a fertile area for
the use of intelligent systems.

4.2.5.2 TWO VARIABLE METHODS

Most of the points made above in connection with the measurement of wall pressure signatures apply to
two variable methods. However, there are considerations special to two variable methods which need to
be borne in mind, as discussed below.

As noted before the streamwise velocity required as a boundary condition is usually determined from wall
pressure measurements using the linear form of Bernoulli's equation. This may be justified if the pertur-
bations in streamwise velocity at the walls are small compared with free-stream speed. If these perturba-
tions are not ‘small’, it may be necessary to solve Euler's equation for the flow at the measurement
surface given the pressure distribution (Ashill and Keating [3] and Maarsingh et al [23]). The use of a
non-linear relationship to determine streamwise velocity can only be justified at low speeds when the
governing equation for the inviscid flow, Laplace’s equation, is ‘exact’. At high subsonic speeds, where
the linearised potential equation is solved, no increase in accuracy can be expected from refining the
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estimate of wall streamwise velocity.

For the application of the two variable method it is recommended that the choice of wall orifice locations
should be determined and perhaps optimised? by prior calculation using ‘exact’ solutions from classical
linear theory. In these calculations an effort should be made to simulate as closely as possible the flow
around the models, bearing in mind the different types of flows likely to be studied. Such a procedure
was described by Ashill and Weeks [6] for a wind tunnel of square cross section and later applied to a
low-speed wind tunnel of rectangular (b = 4m x h = 2.7m) cross section by Ashill and Keating [4].

Results of such assessments are shown as test cases in Figures 4.11, 4.12 and 4.13 for a floor mounted
half model in the rectangular working section noted above. In the first test case the model wake is repre-
sented by a point source (Figure 4.11): in the second test case model volume is simulated by a source
and sink (Figure 4.12) while, in the third test case, the lift is simulated by a horseshoe vortex (Figure
4.13). Linear theory is used to supply values of streamwise velocity at the positions of the wall orifices
and this information is then used in calculations of wall-induced velocities at and along the model axis by
the two-variable method. These comparisons confirmed the suitability of the choice of orifice number
which, as noted in Section 4.2.1, was about 100, the orifices being placed about one tunnel breadth
upstream and downstream of the model centre-line. However, these studies and others described by
Rueger et al [28] suggest that the two-variable method is ‘robust’ in that pressure orifices can be
removed without significantly affecting the accuracy of the method. Sensitivity studies such as these
should be performed before any test and should form the basis for the assessment of the requirements
for new wind tunnels. For existing wind tunnels, any shortfall in the number of wall holes can be made
good with static tubes or static rails attached to the tunnel walls.
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Figure 4.11 Test case 1. Point source. Blockage at ‘floor’ line

2 Here ‘optimised’ is used in the sense of meaning minimising the number of orifices for a certain level of accuracy.




4-28

0.2

Symbol Case
Aul Uo o

Linear theory (‘exact’)
Two-variable method

-0.6 -0.4 -02 0 0.2 0.4 0.6 0.8 1.0 1.2

0.6

. AwlU,

§ Aw

3¢ B
~a

AN AREERSNAAN

1
i
1
]
]
I
-

=TTV 0.4

H

Symbol Case
o] Linear theory (‘exact’)
—-| Two-variable method

0.2 04 0.6 xB 0.8

Figure 4.13 Test case 3. Horseshoe vortex. Wall-induced upwash
at centre-span of vortex

An alternative approach, used by Ashill and Weeks [6], Ashill and Keating [4] and more recently by
Rueger et al [28], assumes the working section to be of infinite length. The effects on the induced
velocities in the region of the model of the singularities on the upstream and downstream faces are then
ignored. The upstream value of the pressure increment is taken to be zero while the downstream value
can be determined from momentum considerations (Ashill and Keating [4]). The blockage in the region of
the model (0<x/B<0.6) is not sensitive to errors in the far-downstream value of the increment in pressure
coefficient or velocity increment, u., as may be inferred from Figure 4.11. Here an error of as high as
50% in this value causes errors of only about 5% in the blockage increment in the vicinity of the model.
The pressure increments between either the most upstream or most downstream orifices and the limiting
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values are obtained by interpolation assuming an exponential variation as expected from classical linear
theory of wall interference for solid-wall wind tunnels. Calculations using classical linear theory (Ashill and
Keating [3]) suggested that the length upstream and downstream of the model where wall pressures are
measured should be approximately one working section breadth. Again, however, the suitability of the
choice should be checked for individual cases.

The measurements of wall pressures should be referred to empty-tunnel conditions®. This needs to be
done to allow for:

a) the likely non-cylindrical nature of the tunnel walls and the growth of the wall boundary layers in the
empty tunnel;

b) imperfections in the wall holes; and
c) static-pressure errors due to hole size (Shaw [29] and Franklin and Wallace [9]).

Wind-tunnel users should not be surprised to find that, before being referred to empty-tunnel conditions,
wall pressure distributions contain a significant degree of scatter, due mainly to effect b). However, when
‘tared’ to empty-tunnel conditions, smooth distributions may be expected. Where a two-variable method
is used, the pressures should be checked for any faulty readings and removed prior to interpolation of the
pressure data.

Consideration needs to be given to the interaction between the model supports and the tunnel walls. in
some cases, the supports may intersect the tunnel walls. This poses problems because of the need then
to measure a large number of pressures in the region of the supports where pressure changes rapidly.
One possible way of avoiding this difficulty is to define the ‘empty tunnel’ as the wind tunnel including the
supports but excluding the model, as previously suggested in Section 1.2. This glosses over the problem
of allowing for any interaction between the model and support flowfields which has to be considered
separately.

Ideally, the reference pressure should be measured sufficiently far upstream not to be affected by the
presence of the model. Fortunately, for solid-wall tunnels, the combined direct and wall interference
effect decays exponentially with distance, as implied before, so that the effect on the reference static
pressure is likely to be negligible, at least for a wind tunnel with a working section of reasonable length. If,
for any reason, the reference wall hole is affected by the presence of the model, it may be possible to
invoke the auto-corrective character of the two-variable method (Mokry [25], see also Section 4.3). What
this means is that the method substantially corrects for any error in reference pressure, a small residual
efror remaining owing to extrapolation to a ‘false’ zero far upstream.

Owing to the fact that the two variable method involves integration’s, wall-induced velocities determined
by this method tend to be insensitive to random errors in wall pressures. Nevertheless, wall-pressure
distributions should be carefully monitored to ensure that the calculations of wall-induced velocities are
not corrupted by erroneous pressure measurements. As mentioned in Section 4.2.5.1, this suggests the
need for intelligent systems to remove such data before the calculations are performed.

Systematic errors will arise from inaccuracies in transducer calibrations, but these can be estimated by
applying the errors as small perturbations to the pressure or streamwise velocity distributions in the
method. Such studies are an important prerequisite for establishing the errors in the method.

% Empty-tunnel wall-pressure data will normally be taken during the calibration of the wind tunnel. Details of the cafibration procedure
for testing at high subsonic speeds in a solid-wall tunnel are given by Isaacs [19]. He demonstrated the importance of allowing for the
direct and blockage effects of the calibration probe when determining ‘empty-tunnel’ static pressures at high subsonic speeds.
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4.2.6 MODEL AND TUNNEL REPRESENTATION WHEN USING THE ,,MATRIX* VERSION OF
THE WALL PRESSURE SIGNATURE METHOD.

4.2.6.1 INTRODUCTION

Section 4.2.5.1 gave general guidance on the installation and use of wall pressure orifices and their
application to pressure-based wind tunnel correction methods. The recommended geometries were based
largely on ad hoc experience, extending in some cases over a decade or more. However there was no
reference to the relationship of the orifice configuration to the model under test and no indication of how an
orifice system might be optimised for a given model. The present section will address these and other
practical issues in a systematic way, including reviews of which walls should be instrumented, length of
orifice rows and orifice spacing.

4.2.6.2 BASIC APPROACH

The 'matrix' version of the pressure signature method employs vortex, source and doublet singularities on
the model at fixed locations that correspond to matrix columns (see Hackett et al [18]). Sensing locations on
the tunnel walls (pressure orifices) correspond to the matrix rows. The form of the equation is shown below:

Influence Measured or
Coefficients for Singularity | __ reference
U-component strengths | — | U-components

at walls at walls

The matrix elements are the U-component interference coefficients for the model singularities, with their
“tunnel images, at the orifice locations on the tunnel surfaces (see Equation 4.11 and the subsequent
discussion). In practice it is found that matrix conditioning is poor and solution oscillations that propagate
into the interference field are not unusual. Since matrix conditioning depends on the particulars of both rows
and columns, it is difficult to make recommendations concerning orifice spacing, for example, without
reference to what the model is and how it is represented. Model representation and orifice geometry will
therefore be addressed using an example derived from an actual test. The approach that will be described
below may be applied to other geometry’s, as needed.

The example cases will be limited to axial velocity interference, which is found to be more challenging than
upwash interference in problems of the present type. Experience shows that, when the axial flow
interference is calculated correctly, the upwash interference is reliable.

4.2.6.3 MODEL GEOMETRY AND ITS REPRESENTATION

The test example involves a flat plate model that represents the plan view of a modern fighter aircraft. Such
a model was tested and wall pressure data and analyses are available, though they will not be employed
directly here. Figure 4.14 shows the model and tunnel details. The model was mounted with its trailing edge
0.99 ft above the tunnel centre plane and its nose 3.45 ft below the tunne! roof. The cross-effects between
lift and blockage were therefore very significant. The program is fully three dimensional and off-centre
effects are included in all analyses. The model angle-of-attack was near stall and the measured wind-axis
C. and Cpwere 1.17 and 0.91 respectively.




Figure 4.14 includes a sketch of the model with line
singularities at seven locations along the chord. A horseshoe
vortex, a line source, and a forward-directed line doublet were
placed at each location, giving a total of twenty-one elements
for the case shown. Line doublets, which were not used in
previous solutions of this type, have been included to improve
the representation of flow closure.

4.2.6.4 REFERENCE CASE

To provide a well-controlled example, a reference case was

generated using a theoretical, uniformly loaded model with the TUNNEL :

C. and Cp values quoted above. The lift and drag loads were ~ B=2325f, H=16.25f

distributed uniformly, using the seven vortex and seven Orifices from -18 to + 20 ft, 2ftspacir-19
source elements shown in Figure 4.14. Line doublet strength Model TE 0.99 ft above tunnel centerline
was selected by subtracting the calculated vortex-plus-source Model nose 3.45 ft below tunnel roof
signature from measured data and matching the residue. MODEL :

For the studies below, a reference wall signature was Double-delta planform

calculated using the reference singularity strengths just Span = 5.56 ft, Length = 6.38 ft
described. This becomes the column vector on the right-hand 0.=3534DEG C.=1.17, Cp=0913
side. A corresponding reference interference curve was Ref Area = 15.63 sq ft, S/C = 0.0414
calculated at positions along the model centreline. As a first 7 Horseshoe vortices

check, the solution singularity values are compared with the 7 Line sources

reference values. Exact agreement is desirable but not 7 x-directed Line doublets

essential for good interference solutions. However, excessive
oscillations - in singularity strength lead to incorrect
interference. The obvious second check is to ensure that
interference distribution calculated using the returned
singularities agrees with the reference interference curve.

Figure 4.14 Model and tunnel details for
- baseline case

4.2.6.5 THE SOLVER

A solver is used that employs a proprietary orthonormalisation scheme. Its major advantage is that it
detects near linear dependence between columns and rejects the appropriate column. This process is
controlled by a user-defined variable 'TOLC' (TOLerance for Columns). A zero value of TOLC leaves the
original matrix intact. Least-squares solutions are obtained when the row and column counts differ.

4.2.6.6 WALL ORIFICE CONFIGURATIONS

The left-hand side of Figure 4.15 defines orifice configurations evaluated in the present study. Case 1, the
baseline, has orifices on the centrelines of the roof, floor and left wall of the tunnel. The right wall data is
redundant for the present unyawed cases. For Case 1, some twenty orifices per wall extend from about one
tunnel diameter ahead of the model to one diameter behind it. Cases 2 and 3 explore the effects of
shortening all signatures. Cases 4 and 5 investigate the effects of doubling the orifice spacing, while
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Orifice Configuration Matrix Rx C Sig RMS Error Interfer. RMS Error

BASIC OPT BASIC OPT BASIC OPT
RxC RxC x10° x 10° x10° x10°

no.

Baseline: roof , left wall & floor,

1 X=-18.0t0+20.0 ftby 2.0 f 60x21 | 60x14 | 0.368 0.015 0.0082 | 0.0466
2 X=-10.0to+10.0 33x21 | 33x14 | 2.792 0.012 47418 | 0.0497
3 X=-40t0+4.0 : 15x21 [ 16x10 | 0.719 0.015 | 13.8500 | 0.0147

4 |Baseline with odd points only | 30x21 | 30x 11 0.122 0.019 0.2773 | 0.0542

5 |Baseline with even points only| 30x21 | 30x12 2.134 0.015 4.6750 | 0.0465

6 |All four walls 78x21 | 78x14 | 1.291 0.014 1.5135 | 0.0486
7 |Roof and left wall 40x21 | 40x13 | 0.125 0.009 0.0960 | 0.0512
8 [Roofonly (C>R) 20x21 [ 20x10 | 0.018 0.004 1.0690 | 0.1537

Fig 4.15 Effect of column optimisation for 7+7+7 initial elements and
various wall orifice configurations.

retaining the baseline total length. The effect of adding back the right-hand wall is explored in Case 6.
Cases 7 and 8 investigate roof-and-left wall and roof-only cases.

4.2.6.7 CASES WITH NO ELEMENT OPTIMISATION (TOLC = 0)

The "7 + 7 + 7" case reproduces the reference solution only for the baseline orifice configuration. Earlier
studies, employing a similar "5 + 5 + 5" element arrangement closely followed the original input for all cases
except the very short signature, Case 3. The singularity strengths in the 5 + 5 + 5 Case 3 oscillated strongly
and the interference results were useless. This is probably attributable to the shortness of the signatures.

Repeating the same exercise for the 7+7+7 geometry gave noticeable RMS errors for the signature fit
(Figure 4.15, column 5) and mainly oscillating singularity solutions. Case 1, the baseline, gave good
interference results (Figure 4.16, upper plot) and Case 7 (roof and left wall) was probably acceptable. Of the
remaining solutions, only Case 4 (doubled orifice spacing, "odd" points) was "on the page." However Case
5 ("even" points) displayed matrix instability and, like the remaining orifice configurations, gave interference
values that were several times too high. Many of these curves oscillated and were obviously wrong, but
those that were smooth could have been misleading had the reference curve not been available.

4.2.6.8 CASES WITH ELEMENT OPTI MISATION

On increasing the control parameter, TOLC, the column count for the baseline wall orifice configuration
decreased monotonically from 21 to 12 over the range considered. The amount of column reduction
depends upon the orifice configuration. As TOLC was increased, two minima occurred in the RMS error of
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the fitted wall signature: experience has 0.016
shown that the second gives superior P
- results. The right half of Figure 4.15 0.015 P .

s
summarises the RMS errors in the wall 7 ;ﬁf:" /A/u

signature and interference curve fits. The

) . 0.014 BEST UNOPTIMIZED CASES —]
column count at the optimum varies
between ten and fourteen elements
depending upon the orifice configuration.
The optimised results show a very

o3

0.013

U — INTERFERENCE

TS

significant improvement in the signature 0.012 /
fitting errors compared with the basic
solution with the full 7 + 7 + 7 element 0.011
count.
0.016 I I T —

The lower plot of Figure 4.16 shows U- ALL OPTIMIZED CASES ~— CASE 1
component interference curves at the § EEEEE ;
model centreline for the optimised cases. '§ 0.015 & oAsE s
The corresponding RMS errors are given & i Chse T
in Figure 4.15. Most of the interference % ----- REF CasH

o

solutions are bunched at a level
approximately 0.0002 higher than the 0.014
reference  curve. This represents

acceptable accuracy and the fact that the

curves are tightly grouped is probably the

more important. Case 8, with only roof

orifices, gave the only unsatisfactory X = FT
sc.>|ut|on. Case 3 was in close agreemer_mt Figure 4.16 Interference for unoptimised and optimised

with the reference curve but this is cases (7 + 7 + 7 initial elements)

considered coincidental.

The fact that the unoptimised Case 8 gave a low RMS error for the signature fit yet a high interference RMS
error requires comment. If the influence matrix is square and is solved successfully, the signature fit RMS
error will be near-zero (by definition) whether or not the reference singularity values are returned. If fact, the
singularity strengths may oscillate and produce an unacceptable interference result. This is what happened
for the unoptimised Case 8, for which the influence matrix is nearly square. Obtaining a good signature fit
does not guarantee good interference values, particularly if the matrix is near-square.

Figure 4.17 identifies the singularities retained for the various 7 + 7 + 7 solutions. Most of the vortex
elements were usually retained and most of the doublet elements were usually rejected. The sources and
doublets just ahead of the trailing edge were always retained, as were the sources near the apex of the
delta. The consistent pattern of singularity locations in Figure 4.17 suggests that such a pattern might be
used successfully without an optimiser for this configuration and angle of attack.

Increasing the column count first to 10 + 10 + 10 and then to 15 + 15 + 15 was beneficial. The eight cases
were increasingly tightly grouped and the groups lay increasingly close to the reference curve. Evidently,
with a larger choice of element locations afforded by the larger element counts, the optimiser can choose a
better element arrangement.
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Wall config 1 2 3 4 5 6 7 8
1 * * * * %
2 * * * * * * *
elements 4 * * * * * *
5 * * * * * *
6 %* * * * * %
7 * * * * *
8 * * * * * * * *
9 * % * % % *
Source 10 *
elements 11 * * * *
12
13
14 * * * * * * %* *
15
16
Doublet 17
elements 18
19 * *
20 *
21 * * * * * * * *
TOTAL 21 14 14 10 1" 12 14 13 10
* Filled squares denote retained matrix columns
Fig 4.17 Element disposition for optimised cases
4.2.6.9 REVIEW

It was shown above that there are two practical approaches to configuring the model elements. If “straight”
solutions are to be used, with no column optimisation, then the element count must be keptlow (5 + 5 + 5 in
the case above) and the singularity solutions must be watched carefully for undue oscillation. In cases of
doubt, the element count should be reduced. If an optimisation scheme is used the number of elements can
be increased significantly (to 15 + 15 +15, say). An increase is not essential when using an optimiser but,
as was shown above, a better fit to the reference solution is obtained. Whichever strategy is adopted, it is
important to ensure that the elements are placed appropriately to capture the model's loads. It is also
beneficial to employ “over square” matrices with significantly more rows (orifices) than columns (model
elements). This makes the RMS errors in fitting the wall signatures more meaningful.

The baseline case, above, is a good orifice arrangement for the model configuration employed here. Having

a lift coefficient that is close to the maximum , it is one of the most important low speed cases and may also

be among the most demanding. The first optimum for the 7 + 7 + 7 configuration (not shown) was helpful in
identifying marginal wall configurations. Cases 2 and 3 showed that it is inadvisable to shorten the
signatures below the Case 1 value. Cases 4 and 5 showed that orifice spacing should not be reduced.
Omission of the orifices on the floor centreline (Case 7) gave surprisingly good results, which is helpful
because of the vulnerability of instrumentation placed there, particularly in a large tunnel. The fact that Case
8, with roof-only data, was the weakest (Figure 4.16) comes as no surprise, since the program is being
asked to distinguish between lift and blockage effects using a single signature.

aecitiion
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4.2.6.10 Other Model Configurations

Various pressure orifice geometry’s have been reviewed for an unyawed model at a single angle-of-attack
and one height in the tunnel. The present study does not address the needs of other data points or other
configurations. However, the baseline orifice configuration selected above is generally similar to a layout
that has been used successfully in the Lockheed Low Speed Wind Tunnel for many years. In that tunnel,
the wall orifices are above the centreline, to avoid windows, there are extra orifices opposite the model, and
there are no floor orifices.

Despite the above, there will be occasions when more assurance is required. In such cases, a study similar
to the one described in the main body of this section should be carried out. This would involve a simple
theoretical model, placed at the appropriate position and attitude in the tunne! and carrying the correct
loads. Wall signatures and reference interference curves should be calculated, as described above, and
trial runs performed to find the best orifice and model element configurations. In facilities with an existing
orifice system, its suitability can be assessed in a similar way and any additional orifices that are needed
can be identified.

4.2.6.11 Three-way Interactions

Tunnel Interference is usually thought of in terms of the classical vortex, source and doublet theoretical
representation of the model and its tunnel image system. Not a lot of attention has been paid, until recently,
to the possibility that the model support system may also become involved in the interference process. Two
examples of this surfaced during the tests upon which the above example is based. Both involved the sting
support system and both represent ongoing work. The comments below should therefore be considered
provisional.

In the first example, a study of model absent (sting present) and model-present pressure signatures
suggested that the sting immediately aft of the mode! was experiencing model-induced download. Extra
model elements were therefore added to those shown here to represent the forward part of the sting.

The second example involves a large floor-to-roof tower that supports the base of the sting and carries a
carriage that moves vertically as the sting pitches. Being in the wake of the model, it was found that the
loads on the tower, too, changed with the model present. Analyses based solely on mode! out datum
corrections were inadequate, even though the tower was present for the datum measurements and the
sting pitch setting was appropriate. In fact, the tower appeared to the flow as a vertical line source whose
presence destabilised the pressure signature solutions. Adding a floor-to-roof line source, of unknown
strength, improved the solutions. The lesson learned was that, if the model flow interferes with tunnel
components and/or the model supports and the wall signatures are affected, then it is essential to represent
those components in the influence matrix.
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4.3 VENTILATED TEST SECTIONS

Contemporary developments in wall correction methods for ventilated wall test sections have shown an
increasing reliance on measurements of wall boundary data. An excellent work recognising these new
trends in two-dimensional testing has been produced by the Group for Aeronautical Research and
Technology in Europe (GARTEur [26]).

Although it has been demonstrated both experimentally (Chen and Mears [12], Jacocks [33], Matyk and
Kobayashi [45], and Crites and Rueger [15]) and computationally (Chan [11]) that the cross-flow
properties of ventilated walls are non-linear (even strongly) and dependent on the wall boundary layer
development, the correction techniques based on idealised, linear boundary conditions have retained a
great deal of appeal. The main reason is that the parameters in the empirical boundary conditions
(porosity or slot parameters) can usually be tuned so as to provide correlation of key aerodynamic
quantities for two or more different-scale calibration models in the same facility (Firmin and Cook [20]).
An approach less sensitive to wall Reynolds number effects (Aulehla [6]), is to adjust the boundary
condition parameters in such a way that the corrected data agree with those measured on the same
model in a very large facility, assumed to be interference free (Binion and Lo [8], Starr [72], and Sickles
and Erickson [66]). The obtained values of these parameters may then used to correct the wind tunnel
data of other models which are similar to the calibration models in shape and size. Besides simplicity of
application, the most appealing aspect of this (classical) approach is that it generates consistent, smooth
corrections: if the measured dependence of C, on o or C, on C, is smooth, so will be the corrected
one. The corrections are predictive, which means that if we can estimate what the measured forces will
be, we will also be in position to predict the corrections, in advance of a wind tunnel test, see Chapter 3.

A practical advantage of the classical methods is also that there is no need to measure quantities other
than those directly related to the test model. However, if the static pressures at the test section walls
happen to be measured and compared with those predicted using the idealised boundary conditions,
substantial differences are likely to be uncovered. One of the possibilities to reduce this inconsistency in
wall interference evaluation is to locally modify the wall boundary conditions in such a way that they
provide the best possible agreement with the measured wall data (Mokry et al. [47], Jones, D.J. [34],
Vaucheret [77], and Piat [68]. The values of the parameters in the boundary conditions will of course
differ from test to test. Using this approach, the modified boundary conditions, regardless of their
possible physical significance, provide no more than a fit of the measured boundary data. From here on
it is only a small step to realise (Capelier et al. [10]) that the measured boundary data can directly be
used as input. One is not limited to measuring data from the boundary. Pressure measurements on the
model can be used similarly in conjunction with calibration of selected pressures for Mach and angle of
attack effects and then employing closed wall and open wall settings. The closed wall settings in
conjunction with a suitable means of estimating displacement thickness and any wall divergence effects
then represent a boundary condition that is sufficiently known. Corrections to the closed wall case then
form a reference to the open wall case. Variation of parameters in the boundary condition for the open
wall case will permit finding the parameters that produce corrections which will best satisfy the corrected
closed wall results in say, a least squares sense. These results can then be compared with those
determined from matching measured wall data, or vice-versa for improved confidence.

In spite of the fact that much of the empiricism of the classical correction methods is eliminated by the
boundary measurement methods, it is the latter ones that are under steady scrutiny. Their general
acceptance is hindered by the fact that making the required flow measurement in ventilated test sections
can be a very complex task and evaluation of corrections from a larger boundary input requires a small-
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scale numerical code rather than a simple formula or chart. In addition, the corrections can only be used
in the "post-test assessment" mode. It is no longer possible to predict the corrections by specifying the
aerodynamic forces: a wind tunnel experiment with actual wall pressure measurements needs to be
performed first; and only then the corrections can be evaluated. Also, a larger experimental data input
produces corrections which are “scattery” in comparison with the classical ones (Labrujére et al. [40]).
This is not to say that global corrections to tunnel reference conditions can’t be determined in advance.
Any prior post-test corrections are candidates for developing a library of corrections with a suitable
empirical analysis. In many cases, global corrections are sufficient (e.g., Goldhammer and Steinle [28])

4.3.1 ONE-VARIABLE METHOD

The method proposed by Capelier et al. [10], and in a simpler form also by Blackwel! [9], is the most
popular technique for the post-test assessment of subsonic wall interference from boundary pressure
measurements in wind tunnels with ventilated walls. It is assumed that the velocity disturbance potential
near the walls is governed by the linear Prandtl-Glauert equation,

B’ 82¢+ 82¢+82¢ =0

4.3.1
ax*  dy* 97’ “.3.9)
and that it may be split into the free air and wall interference parts,
o= 0s+0;. (4.32)

The only difference from the classical wall interference approach is in replacing the idealised wall
boundary condition by the "measured” one, namely by

99 _

Fa (4.3.3)

where
U-U,
U

oo}

u:

is the measured streamwise component of perturbation velocity.

Unlike flow near the model, where stagnation and locally supersonic regions may exist, flow near the
walls is significantly less perturbed so that linearisation may apply up to quite- high subsonic Mach
numbers. If the model is small relative to the test section and sufficiently remote from the walls, it is only
when free stream Mach number is close to unity that portions of the walis become near critical or
supercritical, making the assumptions of Eqs.(4.3.1)-(4.3.2) invalid. '

The way Eq.(4.3.2) is usually interpreted is that ¢ is a disturbance velocity potential that would be
generated by the model if loaded by the same aerodynamic forces in free air, and ¢, is the wall
interference potential induced by the walls. In other words, ¢, is an increment to ¢, that makes the total

satisfy the (measured) wall boundary conditions.

Provided that ¢, satisfies Eq.(4.3.1) near the walls, it can be represented there (and in the infinite
exterior region) by internal singularities. In contrast, ¢, can be represented by external singularities
(images). An equally justifiable assumption is that ¢, be non-singular, but discontinuous across the
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interface between the interior and exterior flow. This latter approach is used when evaluating ¢, by a

panel method. Regardless of the representation of the exterior fictitious flow, the key premise of
subsonic wall interference theory is that ¢, is non-singular in the interior (including the volume occupied

by the model), allowing to evaluate the velocity corrections to (uniform) wind tunnel stream as the
components of grad¢, . Although an application of this concept is almost axiomatic in both the classical

and the boundary measurement methods, one should remember that it is merely an engineering
approximation, even for low-speed (incompressible) flows.

The assumptions upon which the one-variable method is based are thus the following: the axial
component of wall interference velocity

o9,
U, = —— 434
7 ax ( )
satisfies the differentiated Eq.(4.3.1), that is
o*u, 9°u, d°u
B?—t+—+t+—L =0 (4.3.5)

ox*  dy* 97’

in the entire test section interior (including the volume occupied by the model).
Using Eq.(4.3.2), the boundary values of %, are evaluated on the measurement surface as

U, = u—u, (4.3.6)

Here u, is the axial component of disturbance velocity that would be induced at the location of the
measurement surface by the same model in free air, at the same stream velocity, U

o

and the same

aerodynamic forces. Provided that the measurement surface is sufficiently remote from the model, we
only need to know the far-field approximation of . .

Equations (4.3.5) and (4.3.6) specify an interior Dirichlet problem and there are a large number of
methods available to solve it analytically or numerically. For simpler geometry’s, closed-form solutions
are obtainable using integral transforms (Capelier et al. [10]) or the Fourier method (Mokry and Ohman
[49], Mokry [50], and Rizk and Smithmeyer [61]). A detailed description and coding of two of these
techniques in Fortran are given by Gopinath [29].

The Dirichlet problem for Laplace's equation, to which Eq.(4.3.5) is reducible (by a co-ordinate

transformation) is known to have a unique solution inside a region, provided that the boundary values are
specified everywhere on its bounding surface. This guarantees that there is only one solution to u, for

the given prescribed values of #; on the boundary. As we shall see below, the same cannot be said of
the interference velocity components v, and w,, evaluated from the same boundary values of u,.

A natural approach (e.g. Stakgold [71]) to solving the Dirichlet problem for Laplace's equation is to
represent #, by the double layer potential :

1 d (1)
= — —|~|dS , 437
“ 4z fan r ( )

N

where f is the doublet density and 7 is the distance between the fixed observation point x;, ¥y, 2,
(where u, is being evaluated) and point x,y,z, which runs over the surface S in the course of
integration. The derivative d/ dn is taken in the direction of the inward normal, that is pointing into the
test section interior.




4-41

If the observation point is on surface S, the integrand becomes singular, because 7 appearing in the
denominator will be zero when the running point reaches the observation point. Nevertheless integral
(4.3.7) exists; but, because of its singular nature, its value depends on which side of the integration
surface the observation point lies. In other words, #, is discontinuous across S. Taking the limit as the

observation point becomes a point on the inner (flowfield) side of surface S, we obtain

L j : (1)
= 4 —| —|dS
“ 2 +471: Sfan r ’ (4:38)

where a small circular neighbourhood of the observation point (where r = 0) is considered removed
from the surface integration; its contribution has already been accounted for by the isolated term f/2.

With respect to the unknown density /', Eq.(4.3.8) can be interpreted as a Fredholm integral equation of

the second kind. The solution can be obtained numerically by dividing S into panels of (piecewise)
constant density f, applying Eq.(4.3.8) at panel centroids and solving the resulting system of linear
algebraic equations (Mokry et al. [52]). If the walls are straight, the matrix is easily assembled using the
contribution of a rectangular panel of unit doublet density, elaborated in the Appendix. The isolated term
f /2 in Eq.(4.3.8) provides the diagonal element, or contribution of the panel to its own centroid.

The major source of inaccuracy, which is common to all wall interference methods based on boundary
measurements, is incompleteness or sparseness of the experimental pressure data. The boundary
values of #; have to be interpolated or extrapolated over a complete boundary (finite or infinite), in order

to make the Dirichlet problem fully defined. More specifically, the panel method will require the
knowledge of #, at all panel centroids, as shown schematically in Figure 4.18. The crosses indicate the
measurement points and the solid and open circles are the panel centroids on measurement and non-
measurement surfaces respectively. A variant of the panel method which does not require extensive
pressure measurements or interpolation has been reported by Ulbrich and Steinle [75], [76] for full-span
and half-span models with an image plate. The method employs precalculated influence coefficients for
both wall panels and singularities used to represent the model at a few control points on the tunnel

boundary. Known strengths of rneasurement points

singularities from measured force and b+
.. . + + + o+ o+ F

moment data and assumed distribution

of loading are taken into account in R4

determining the strength of the R

remaining singularities (equivalent to two
unknowns) by satisfying the measured
pressures in a least squares sense. The
method is designed to compute global ONAN MM AN

blockage and angle-of-attack corrections :o:o.- CANOANCAND \ -
in near real-time. In effect, it combines NON°1*1®1%1°1° °,° bl Il Il B Bl B 4
the features of a direct method and a Pt : - : -f;..:.: . : : : °
one-variable method. The application aeedl -
reported is for a solid wall tunnel.

However, the influence method is more a) finite surface b) infinite surface
general and can be applied to either a

porous or a slotted wall, providing that a Figure 4.18 lllustrating measurement and input
reliable measurement of pressure at the of boundary data

boundary is obtained.
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The simplest way to tell how well a proposed interpolation scheme works is to test it on a theoretical
example: generate u, by external singularities or images (Holst [32]) and check how faithfully the

method reproduces u, inside the test section from the known boundary values at the measurement
points.

By nature of the solutions to elliptic equations, such as Laplace's or Prandtl-Glauert's, the evaluation of
subsonic wall interference corrections from the boundary data is a smoothing operation. Unless the
corrections are required to be known in the vicinity of the walls, pre-smoothing of the boundary data is
unnecessary. Elimination of grossly erroneous boundary input points is an entirely different matter:
although an individual disturbance will smooth out and will not likely be detectable as a localised
perturbation at the model, it will influence the overall level of calculated wall interference. Another
characteristic of linear subsonic wall interference, following from the so-called "max-min" property, is that
the corrections at the tested model can neither be greater nor smaller than their respective maxima or
minima attained at the walls

Compensation for errors of the reference velocity or pressure is another important feature of the method.
An uninitiated experimenter may find it quite amazing that if we change the reference pressure on which
the stream Mach number M is based slightly, then recalculate the wall C,s and evaluate a new
A M, the same corrected Mach number, M+ A M, is found. Actually, the principle is nearly self-
evident: if the error of the (upstream) reference velocity U, is 6U_, then the boundary perturbation
velocities U —(U_+8U,) will be offset by —6U_, from their true value U —U,. However, since
—06U = constant is also a solution of Eq.(4.3.5), the incremental correction, being of equal magnitude
but opposite sign to the reference velocity error, restores U_ as the true reference velocity. Naturally,

the relationship between pressure and velocity requires linearisation, so that the principle is restricted to
small errors (Paquet [56]). The principle may also be compromised if extrapolation of U towards the
"false" upstream reference U_ +0 U, is used (GARTEur [26]).

Similarly, in ventilated test sections the autocorrection principle establishes the correspondence between
the velocity based on plenum pressure, U_ + 6 U, , and the actual stream velocity U_ . In this context

each wind tunnel test with wall pressure measurements in effect is also a calibration test. Empty wind
tunnel calibration, as used in the classical wall interference approach, is a poor substitute since the
model influences not only the wall pressure, but also the plenum pressure (Smith [67], Aulehla [6], and
Everhart and Bobbitt [18]).

A related question often asked is: if small errors of the reference Mach number don't matter is it also true
that small errors of C;, and C, don't? Unfortunately they do. Accuracy of the one-variable method is

greatly dependent on accuracy with which the free air potential ¢, can be predicted along the boundary

surfaces (GARTEur [26], Chevallier [13]). At low subsonic flow conditions, the far-field can be generated
fairly well by internal singularities, determined from the mode! geometry and measured loading (Binion
and Lo [8], Rizk and Smithmeyer [61], Vaucheret [77] and Mokry [51]). This approach becomes less
reliable at high incidence cases, where the extent of separated flow regions is generally unknown. Model
representation by subsonic-flow singularities needs also to be modified near critical flow conditions, see
Cole and Cook [14], Kemp [37] and Al-Saadi [2]. However, when the supersonic flow regions become
extensive, perhaps even reaching the wind tunnel walls, the superposition principle, on which Eq.(4.3.6)
is based, will no longer apply. The linear correction method may even then go on producing numbers;
nevertheless, alternative wall correction methods which respect the true, non-linear nature of transonic
flow should be applied (see Chapter 5.)
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In the one-variable method the transverse velocity components

d
v, = —& and
dy
w, = 20 (4.3.9)
are obtained from u, by integrating the irrotational-flow conditions
dv, dy, )
——=—7 an
dx dy
oW _ ot 4.3.10)
ox 0z &% |

The flow angle corrections are thus determined up to (unknown) integration constants. This is somewhat
disappointing; however, the variations of wall induced angularity over the model can still be evaluated

and a case made whether the M = 0.7010 AM - -0.0004
wind tunnel test is correctable or o« = 2.740° Ao - -0.154°
not (Steinle and Stanewsky 6 TUBES CL - 0.5350

[73D). o 215 PANELS CO - 0.0289

In Figure 4.19 an example of AM

corrections evaluated by the

N
one-variable method is given for 3-
the Canadair Challenger half- E S >
model tested in the IAR ~ ©
Blowdown Wind Tunnel. The »g_
boundary  pressures  were § .
measured by 6 static pressure o
tubes (2 on top, 2 on bottom 3*

and 2 on the sidewall) and the “75.0 -50.0 -25.0 0.0 25.0 50.0

division of the test section .
) Z = 0.0 tn
boundary box in the x,y,z e

directions was 11x5x5, giving
a total of 215 panels. The AO( —

AM and Ao correction 2]
contours were plotted in the -E"
> .

horizontal plane (wing
planform). There is no 2
ambiguity in the interpretation of
the A M correction but, as we

have indicated above, the Q
absolute level of the A« oo -50.0

S0.0

correction is not known with

certainty. Figure 4.19 Wall corrections for a Canadair Challenger
half model test in the IAR Blowdown Wind
Tunnel, produced by the one-variable method
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Values to the unknown angular constants can be assigned (as has been done in Figure 4.19) by
assuming that flow enters the test section parallel to its axis. This is accomplished by imposing the
conditions

v, +v.=0 and w,+w.=0 (4.3.11)

at an upstream axial point. If we instead imposed a condition that v, and w, vanish there, we would in
effect assume that far upstream flow angles are the same as they would be in free air. Simple theoretical
analyses contradict the latter assumption by showing that under the confinement of a constant cross-

section channel the flow angles upstream of the model decay much faster with the distance from the
mode! than they would in free air.

We can illustrate this on a simple example, which is of some relevance to testing of high-aspect ratio
wings. Consider a two-dimensional vortex placed midway between two walls, as shown in Figure 4.20.
The free-air potential of the vortex is

O, = _—yarctan-z—
P om x

compare Eq. (2.12). The vortex induces along the Xx-axis
the normal velocity

b 290 _ ¥ Y
F dz 21 x 2h(ﬂ)
h

The normal velocity along the axis of a closed-wall wind
tunnel, as obtained by the method of images
(Theodorsen, 1931), is

—y
TXx |’

2h sinh| =~
. (h)

Evidently, the test section height % plays a key role here:
if h—>o,then v—>v.. However, if # is finite, then

according to the I'Hospital rule

V= v, +v, =

. A4
Iim — =0
X YL

which says that with increasing the upstream distance, v
_ tends to zero much faster than v, . This is also well

R apparent in Figure 4.20a, where both velocities are plotted
as functions of axial distance.

1y,
tasy
"
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The question what happens if a portion of the wall is
ventilated is more difficult to answer since, as we have
Figure 420 Upwash velocity along the axis pointed out before, the ventilated wall boundary conditions
of a test section induced by a are generally unknown. It seems that the principle still
point vortex holds, at least for “passive” wind tunnel walls where no

c) open jet walls (u=0)
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forced blowing or sucking is employed. In Figure 4.20b the same v, as before is compared with v

calculated using an assumption that v=—u on the upper wall and v=u on the lower wall. This
relationship is a special case of the ideal porous-wall boundary condition v+ Pu=0 with porosity
(permeability) parameter P =1. The formula which was used to generate the axial values of v was
again obtained using the method of images (Ebihara [17]). We see that porosity P >0 makes
convergence upstream of the vortex more rapid and downstream slow. If P — o, corresponding to
approaching the open jet condition u =0, the convergence of v upstream of the vortex improves
further, but downstream of the vortex the flow becomes permanently deflected, see Figure 4.20c. Based
on these and similar observations, the upstream conditions described by Eqgs.(4.3.11) appear to be quite
acceptable. 1t is of course realised that these conditions may lead to serious errors if imposed too close
to the model (Akai and Piomelli, 1984). A more rigorous approach (at least on paper) is to actually
measure the flow angles at some point, preferably non-intrusively.

As a point of interest, we may also mention that the
complex-variable treatment of the 2D problem leads to
the Schwarz problem (Smith [69]), consisting of
determining an analytic function inside a domain from its
defined real part on the boundary. Theory (e.g. Gakhov
[24]) shows that the integration of the Cauchy-Riemann
equations introduces an unknown imaginary constant

that needs to be specified in order to make the solution l\

unique. Translated into the language of aerodynamics: 7z

the flow angle constant is again unknown. ) plate )('J\/ X

Last but not least in order of importance are the
methods of measuring the perturbation u-velocity
along the test section boundary. Since the wall
correction method is based on potential-flow theory, the
measurement should not be made on the wall itself, but
at a distance where the effect of the wall boundary layer
on static pressure is negligible. The simplest way to
obtain u is by measuring static pressure on a plate (rail)

instrumented with pressure orifices, as illustrated in *

Figure 4.21a. The plate is mounted on the wall in the

b) bi
direction parallel to mainstream. For isentropic flow in ) pipe
the x,z-plane it follows Figure 4.21 Schematic of devices with a
single row of pressure orifices
e
2 -1 U +w?)\ |
c, = ——{1-% Mi(—z— “1f = —2u—1P W+ .
Y M, 2 Us

where C, is the measured pressure coefficient and u = (U —Uw) /Uco and w=W /U, are the

components of the disturbance velocity in the X and z directions. the first-order approximation, valid
throughout the whole subsonic-supersonic regime, is :
1

u=—5CP (4.3.12)
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If there is a lateral component of velocity (in the y-direction), the plate interacts with the flow and the

measured pressure may no longer represent the local stream static pressure. For three-dimensional
flows, a more suitable device is a pipe with a row of pressure orifices facing the test section interior,
Figure 4.21b. The pipe also interacts with the ambient flow, but in a more predictable manner. Using
slender body theory, Nenni et al. (1982) derived for a pressure coefficient on a circular cross-section pipe

C, = —2u—B*u* +2d (? Cos @ + _é?_wsin a)) - 4(v sin @ - wcos a))2 (4.3.13)

z

<A
<A
€

Figure 4.22 : Cross-flow
plane of a circular pipe

X X

where u,v,w are the components of disturbance velocity, d is the pipe
diameter, and @ is the azimuthal angle of the pressure orifice P, as
defined in Figure 4.22. For the orifices shown in Figure 4.21b the
corresponding azimuthal angle is @w=37m/2. However, regardless of the
azimuthal location of the pressure orifices, the transverse components of
velocity v and W need to be known, in order to retrieve # from
Eq.(4.3.13). This may be possible if the wall interference evaluation is
arranged in an iterative fashion. The contributions of v and w and their
derivatives can of course be eliminated by using several rows of pressure
orifices (Nenni et al. [53]). A more serious objection to using Eq.(4.3.13) is
that it has been derived for inviscid flow and would not apply should the
pipe be immersed, partly or totally, in the wall boundary layer. In contrast,

ELLIPTIC NOSE the linear approximation, as described by
"] Eq.(4.3.12), may hold even then. Assuming that
C, is constant across the boundary layer in the

direction normal to the wall, then the evaluated
u represents the perturbation velocity on the
i outer edge of the boundary layer. Provided that
‘. £POXY the boundary displacement is small compared to
the dimensions of the test section, the

PRESSURE TAG PLUG STAINLESS STEEL ! displacement may be neglected in routine wall
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A practical implementation of these static

TUBE BUNDLE pressure devices is illustrated in Figure 4.23.

The “rail” was the initial design used in early two-
dimensional measurements in the High Speed
Wind Tunnel in Ottawa (Peake et al. [57]). The
impetus for its development came from an idea
to supply the CFD method by Magnus and
Yoshihara [44] by a pressure boundary condition,
in an attempt to simulate computationally flow
past an airfoil under the constraint of wind tunnel
walls. Similar rails were subsequently built in a
number of other facilities (Blackwell [9], Sawada
[63], and Smith [68]) and used even for half-
model (Pounds and Walker [69] and Hinson and

(b} RAIL {EARLIER)

Figure 4.23 AR Static pressure devices Burdges [31], Goldhammer and Steinle [28]) and
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full-model testing (Mokry and Galway [48]). Later, the rails were superseded by pipes (tubes), as they
were easier to manufacture and also more suitable for three-dimensional testing. As discussed by
Galway [25], the number and location of these pressure pipes depend upon the test section and model
configuration, so that adequate definition of the pressure at the boundary surface through interpolation
and extrapolation is possible. In the examples shown in Figure 4.24, a slightly irregular placement of the
pipes was enforced by wall structural supports on the plenum side of the test section.

For slotted walls, where the mean-flow boundary conditions are established at greater distances from the
walls, installation of pressure tubes or rails becomes less practical, although still feasible (Smith [69]). The
inviscid slot flow analyses suggest that the pressure orifices need to located at least one slot spacing
distance from the wall, in order not to be adversely affected by the rapidly varying flow in the slot (Smith
[69], Kemp [36] and Steinle [73]). This hypothesis was verified experimentally by Everhart and Bobbitt [1 8].
For longitudinally slotted walls it is often more convenient to measure the boundary pressures using orifices
installed directly in the slats, usually along or close to their centrelines (Sewall [64]). In determining the
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streamwise component of perturbation velocity, #, it is necessary, in principle, to apply a correction to the
value obtained from Eq.(4.3.12) when slat pressure coefficient is used as input. Based on the inviscid
slot flow analysis by Berndt [7], Freestone et al. [22] deduced that for typical slotted wall geometry’s the
error of the mean value of # would not exceed 0.004 (0.4% of freestream velocity). This error estimate
is consistent with earlier findings of Smith [69] and Firmin and Cook {20], implying that the pressure
measurement made over the centre of the slat may be used as a reasonable approximate to the local
mean static pressure at subsonic speeds. Unfortunately, there is also contradicting experimental
evidence (GARTEur [26], and Everhart and Bobbitt [18]) that, depending on slot geometry and orifice
locations, the differences between the slat pressures and mean static pressures can be more substantial.
The conclusion to be drawn from this discussion is that, unless supported by supplementary flow
measurements, pressure measured on the slats should not be presumed equal to the mean static
pressure at the wall. A positive aspect of slat pressure measurement is that it is non-intrusive, in contrast
to that provided by a static pressure pipe. Unfortunately, the effects of viscosity and vorticity in the
immediate vicinity of the slotted wall generate very complex cross-flow patterns (Wu et al. [79]) that make
a rigorous interpretation of the measured pressure data difficult.

Concerning the perforated walls, the measurement of pressure by orifices installed directly in the walls is
even more problematic. For closely-spaced perforation holes the measured pressure suffers from a
great deal of scatter even when the pressure orifices are positioned exactly at the same locations with
respect to the surrounding perforaﬁon holes (Ohman and Brown [54]). This poses a problem especially
for three-dimensional testing, where the pressure disturbances generated by the model are generally
weak and hidden in the scatter generated by the holes. Since the scatter is spatially fixed, a partial
remedy is in calculating the wall interference correction as an incremental one, using the differences of
boundary pressures measured with model in and model out. Another possibility is to plug the perforation
holes surrounding the pressure orifice, but this of course changes the local permeability of the wall. A
variant of the perforated wall which avoids this problem is a porous-siotted wall comprised of a sufficient
number of lines of porosity as to behave closely as a uniform porous wall such as the NASA Ames 11-by
11-Foot Transonic Tunnel. In this case, static pressure measurements can be made without affecting
local porosity.

4.3.2 TwWO-VARIABLE METHOD

The first successful evaluation of the 2-D interference flow field from two flow variables measured at the
control surface was reported by Lo [42]. Both numerical demonstration and experimental verification are
given in the same paper. The method uses the Fourier transform solution (Lo and Kraft [43]) for
linearised subsonic flow past a nonlifting airfoil. A more straightforward Cauchy's integral approach to the
two-variable method was subsequently described by Kraft and Dahm [38], Smith [69], and Amecke [3].
The general formulation of the method for 3-D flows, based on Green's identity, is due to Ashill and
Weeks [4]; for more discussion see also Ashill and Keating [5]. A Fourier transform solution for the
blockage interference, obtained as a function of two velocity components measured at a circular-cylinder
surface, has recently been given by Qian and Lo [60].

The two-variable method for the ventilated-wall test sections is essentially the same as for the closed-wall
test section described in Chapter 4.1.4 and 4.2.5.2. The only difference lies in the fact that the normal
velocity at the solid wall is known, whereas for the ventilated walls it needs to be measured.
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The wall interference potential obtained from Eq.(4.14) is

1 ([op1 9 (1)
- || s 2 as
9, an | [anr ¢8n ] } (4.3.14)

where ¢, is to be evaluated at an interior point P(x,,,,z,) and r is a distance between this point
and point O(x,y,z) that identifies the location of the surface element dS. The "observation" point P
is held fixed, whereas ( is a "running" or "dummy" point in the integration’s on the right-hand side of
Eq.(4.3.14). As in Chapter 4.1, the normal derivatives are taken inward towards the working section.
Physically, Eq.(4.3.14) can be interpreted as a surface distribution of sources of density d¢/dn and a
surface distribution of doublets of density (—¢).

The two-dimensional analogue of Eq.(4.3.14) is (Labrujére et al., 1986)

S ([ C S N P

where ds is the element of arc length of the boundary contour C . In two dimensions, ¢ can be
differentiated in the direction tangent to the contour, so that the specification of ¢ is equivalent to
specifying the tangential component of disturbance velocity, 8¢/ ds . An alternative Cauchy-integral

formulation of the two-variable method (Smith [69]) uses the complex disturbance velocity u —

The number of velocity components needed to be measured in order to implement the two-variable
method in three dimensions is again as the name of the method suggests: two. From ¢ defined on the
bounding surface two components of tangential velocity can be derived; yet, if one of them is measured,

the other is determined by integrating the irrotational-flow conditions. The second velocity component
that needs to be measured is the normal one, d¢/ dn.

As discussed in Chapter 4.2, the two-variable method is most easily applied to solid wall test sections,
where the normal velocity component, d¢/ dn, can be determined from the local slope of the boundary-

layer displaced wall surface. If the test section walls are straight and the boundary layer growth’is
neglected, 8¢/8n=0. In that case the source distribution drops out of Eq.(4.3.14) and the

implementation of the method is particularly simple.

Before discussing the techniques for measuring d@/ dn in ventilated-wall wind tunnels, we shall set up
a simple numerical model to illustrate how the method is supposed to work when both ¢ and 8¢/ on

participate. Integral (4.3.14) and its derivatives will be approximated as sums of contributions of
constant-density panels, into which the boundary surface S is divided. The closed-form solutions for
the contributions of a rectangular, unit-density source or doublet panel are given in the Appendix. What
remains to be done is to change the co-ordinates from the local (panel) co-ordinate system to the global
(test section) co-ordinate system, multiply the contributions by the local source and doublet densities, and
then sum up all panel contributions. There is no system of equations as such to be solved in the two-
variable method.

In the example shown in Figure 4.25a the test section is a simple right-angled box. The panels cover the
top, bottom and side walls, and also the upstream and downstream faces. The plane y =0 is assumed

to be a plane of symmetry (a solid reflection plate in the half-model test arrangement). The division of
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a) Paneling of the test section;
singular points and observation plane

b) u-velocities induced by a doublet at point 1

c) u-velocities induced by a doublet at point F

Figure 4.25 Processing of external and internal sin-
gularities by the two-variable method

the box in the x,y,z directions is 11x5x5,

making a total of 215 panels. Symmetry is built
into the scheme by supplementing the
contribution of each panel by its reflected
counterpart.

Figure 4.25b shows the effect of a point doublet
in the x-direction, located at point I outside
the box. Superimposed with the uniform
stream, the singularity is known to model
incompressible flow past a sphere. The broken
lines are the u-velocity contours induced by
the doublet at the interior plane z=0. The

solid lines are the contours produced by the
two-variable method from the values of ¢ and

d¢/dn generated by the doublet at the panel

centroids. Apart from small numerical
inaccuracies, the method is seen to have
produced the effect of an external singularity

=9,

Figure 4.25¢ shows the effect of the same
doublet placed the same distance from the wall
at point F inside the box. The broken lines
are still present, except that they are more
dense because the doublet is now much closer
to the observation plane than before. However,
the solid lines have all disappeared. (Actually,
there would still be numerical error contours;
but the selected contour step was too large to
capture them.) The two-variable method has
thus eliminated the effect of an internal
singularity, ¢ = ¢ .

A question arises whether the same also
applies to potential-flow singularities other than
doublets. The answer, which follows from
Green's (third) identity, is affirmative. If we
substitute in the integrand of Eqg.(4.3.14)

¢ = ¢,, then the value of the integral will again be ¢, because ¢, is non-singular in the test section
interior. However, if we set ¢ = ¢, , then the integral vanishes since ¢, is non-singular in the test
section exterior. Accordingly, if the model is represented by internal singularities and the wind tunnel
walls by the external singularities, the method will automatically account only for the external ones. This
is exactly what is done when evaluating wall interference using the method of images: the summation is
carried out over the whole infinite array of singularities and then the internal ones are subtracted. An

interesting point is that the two-variable method does it by processing the measured boundary values of
¢ and d¢/dn , regardless of whether or not the internal and external singularities can be reconstructed

from them.
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It is now also apparent that the above conclusions
could have.been obtained by examining Eq.(4.3.14) in
the first place without resorting to any kind of
numerical experimentation. However, the simple
numerical box just described is in fact a prototype of a
wall interference code that would, apart from minor
geometrical modification, be used to correct
measurements in an actual test section of a wind
tunnel. The easiest way to check the code for errors
and inaccuracies is by processing some well-defined a) plate
singularities, exactly the same way as has been
demonstrated. By further modifying this numerical
experiment one can also determine how many panels
are needed to represent the walls adequately, how
many measurement points are required and where
they should preferably be located, how the
interpolations should be set up, whether the integrals
over the upstream and downstream ends could
possibly be dropped (Labrujére et al. [41]), and so on.
As we have already mentioned, the method is simple ‘

in principle, but there are many possibilities of how it

could be implemented, each of them giving somewhat \

different answers.

/
-\

b) pipe
The simplest device for measuring two components of
velocity is a plate with two rows of pressure orifices,
aligned with the direction of mainstream, as shown

schematically in Figure 4.26a. Assuming that the
plate is in the x, y-plane where the X -axis is parallel with the orifice rows, we obtain (for small pressure

Figure 4.26 Schematic of devices with two
rows of pressure orifices

perturbations) midway between the orifices
1 1
u=—(u+u) = ——(Cp+Cp) (4.3.16)
2 4
and, from the irrotational-flow condition,

ow du _u,—uy _ Cp-C,

ox 9z  d 2d

(4.3.17)

where d is the distance of the orifice rows.

A better device, especially for three-dimensional testing, is the double-orifice tube, also known as the
Calspan pipe (Nenni et al. [63], Smith [70]), see Figure 4.26b. The pipe is equipped with two
diametrically opposing rows of orifices, one facing the test section interior and the other one the wall.
Substituting w=7m/2 and w=37/2 in Eq.(4.3.13), we obtain respectively

C,, = —2u- B +2d %Y _ 4y
dx’
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C,, = —2u- B —2d LY —av?
dx

Adding and subtracting these expressions and retaining only the highest-order terms, we find that # is
again approximated by Eq.(4.3.16); but, for the streamwise derivative of the normal velocity it follows:
ow Cp = Cpy

F v, (4.3.18)

where d is the tube diameter. Comparing Egs.(4.3.17) and (4.3.18) we see that for the same Jdw /dx

and distances, d, of the orifices, the Calspan pipe doubles the pressure difference which otherwise
would be measured by the dual-orifice plate. This amplification is especially welcome when the
measured pressure differences are of the same magnitude as the discrete perturbations emanating at
the ventilated walls (Smith [70]), or in low speed wind tunnels, where the pressure differences are weak
in general (Fernkrans [19]).

In either case, the w-velocity has to be obtained from its derivative by integration, and there re-appears
again the familiar problem of determination of an unknown integration constant. Nenni et al. (1982)
describe the steps to be taken as follows: assuming that w is known at a reference station x, , then
dw/dx can be integrated to give

ow
w(x)=w(x,)+ jﬁx—dx (4.3.19)

If w can be measured at a suitable reference point, the pressure distributions along the top and bottom

of the pipe can also be used to determine W , in addition to 2. This supplementary measurement of
w(x,) has to be made by an alternative measuring technique, or else x, has to be chosen where

w(x,) is expected to be zero. As the major shortcomings of measuring flow direction by the Calspan

pipe identified were: weak pressure differences and reliance on slender-body theory, which ignores the
possible effects of viscosity and flow non-uniformity in the vicinity of the walls (Smith [70]).

Because half the (diametrically opposing) orifices face the wall, the pipe has to be positioned some
distance from the wall. A typical example is in Figure 4.27, showing an installation of a Calspan pipe in
the NLR Pilot Tunnel (GARTEur [26]). An interesting concept for three-dimensionat testing is the AEDC
rotating pipe system (Parker and Erickson [55] and Sickies [65]), shown in Figure 4.28. The system
consists of two pipes and a mechanism that can rotate them about the centreline of the perforated-wall
test section (AEDC Tunnel 4T). The pipes sweep out a cylindrical measurement surface, approximately
one inch from the wall at the closest point. Each 5/8-inch diameter pipe is equipped with 40 pairs of
diametrically opposing orifices, distributed more densely where large pressure gradients are expected.
The pressure and the difference in the pressures for each pair are used to determine the components of
velocity in the streamwise and radial directions. The integration to determine the longitudinal distribution
of the radial component of velocity is performed over two intervals: from upstream to peak suction
pressure, and (backward) from downstream to peak suction pressure. The integration constants for the
two regions are measured by upstream and downstream fiow angle probes, also visible in Figure 4.28. A
more detailed discussion of the apparatus and sample measurements can be found in Kraft et al. {[39].

For slotted walls, it has also been suggested to measure or establish the mean flow boundary conditions
from velocities measured by probes traversed inside the slots (Freestone and Mohan {23]). Provided that
the streamwise variations of the mean normal velocity are relatively slow, as most experiments confirm, a
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probe traverse could be substituted by a number of fixed flow angle probes (Mohan and Freestone, [46]),
making the technique suitable even for production wind-tunnel testing.

. | ;
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UPSTREAM PIPE SUPPORT PIPE CHOSS'—SEC'NONS

Figure 4.27 Calspan pipe and its mounting in the NLR Pilot Tunnel

Figure 4.28 AEDC Two-Variable Measuring System
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Figure 4.29 NASA/United Sensor flow angle probe

Outer tubes are inclined in A typical three-tube flow angle

opposite senses probe, used by Everhart and
Bobbitt [18] for slot flow

/ Angle typically 30 deg measurements in the NASA

T Langley 6% 19 Inch Transonic

- < Tunnel, is shown schematically

in Figure 4.29. In an effort to
eliminate the error when
crossing the shear layer,

Central tube is ground square . Freestone has recently

developed a flow angle probe,

Only outer surface of tubes shown whose pressure-measuring

Figure 4.30 Sketch of in-line probe to measure flow angle in tubes are pos'itioned parallel to
presence of shear (Courtesy of M.M. Freestone) the wall, see Figure 4.30.

The velocity component normal to the wall normal is quite substantial inside the slot and all indications
are that it can be measured very accurately. A difficulty arises when one wishes to establish
correspondence between the velocity inside the slot and the mean or "homogeneous" normal velocity at
the wall that enters Eq.(4.3.14) or (4.3.15). In theory, the latter can be evaluated by laterally averaging
the mass flux using the slender-body theory (Everhart and Bobbitt [18]). Unfortunately, viscous effects in
the slots do not just manifest themselves by narrowing the effective slot width (vena contracta).
Experimental data show that along the slot segments where air is flowing into the test section, rather than
out of it, the crossflow is causing a rapid thickening of the wall boundary layer. This effective
amplification of the mean normal velocity over the inflow regions of the walls was found to be of up to
about 4.0 (Freestone and Mohan [23]). Quantitative observations of similar kind, both in slotted and
perforated walls, have also been made by Vidal et al. [78], Chan [11], Firmin and Cook [20], and Crites
and Rueger [15]. Freestone (private communication, 1995) suggests: “It is possible in principle to make
a series of measurements in the test section of interest, specially designed to provide the amplification
factor in sufficient detail for subsequent application. Whether or not it would be feasible or practical
undertaking is not so clear. Much may depend on first demonstrating that it is not necessary to know the
streamwise variations in boundary layer thickness very precisely in order to achieve the desired accuracy
of wall interference. Perhaps it would be adequate to know the overall increase in thickness over the
length of the inflow region, but even this, in a three-dimensional test, is no small task.” Another possibility
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is keeping the amplification factor close to unity by enforcing outflow above and below the model and
returning the drawn air to the wind-tunnel circuit some distance downstream (Mohan and Freestone [46]).
Of course, the corresponding pressure gradient can make the measured model data difficult to correct to
free stream conditions.

In spite of the current difficulties in measuring the normal component of velocity at the wind tunnel
boundary, the uncertainty of the model representation inherent in the one-variable method is a far more
serious problem, especially in transonic or separated flow regimes. As spelled out by Rubbert [62] and
the GARTEur Report [26], attention will undoubtedly turn more and more to the two-variable method,
which is capable of producing corrections from two components of boundary velocity, without knowing
anything about the flow in the neighbourhood of the model. Since the relative accuracy or dependability
of the two-variable method is a function of measurement accuracy's inherent in producing the two
components of velocity near the walls, it is predominantly in improving the measurement techniques
where progress can be made.

4.3.3 ALTERNATIVE METHODS

There are other methods of utilising boundary measurements in the evaluation of subsonic wall
interference besides those discussed in this Chapter, but most of them are not as direct as those
described above. An attractive approach, at least from the production-testing viewpoint, is to use the
two-variable method with the measurement of one variable. This is of course possible only if the wall
boundary condition is known, so that the unknown variable (normal velocity) can be derived from the
measured one (pressure). An example of this approach is discussed by Rueger and Crites, et. al.
(1994.) In this approach the uncertainty of model representation, inherent in the one-variable method, is
traded for the uncertainty in the wall boundary condition. The boundary condition at a given wall location
can be established, for example, by applying the one-variable method in instances when the model far
field can be well predicted (subcritical, low incidence flow). In essence, the evaluation of the transverse
velocity components v; and w; consists of streamwise integrating Egs.(4.3.10), where the derivatives
of u; have been obtained by the one-variable method. The subsequent two-variable evaluation is used

in flow situations where the far-field of the model cannot be predicted as reliably (high incidence or
supercritical flow).

APPENDIX: RECTANGULAR WALL PANEL

Considered is a rectangular panel
R = {(x,y,z): X, £ x <X, ) _<_ySy2,z=0},

whose normal is oriented along the positive z -axis and whose source or doublet density is unity. The
distance of the observation point x,, ¥,,z, from the panel point x,y,z is

o= = %) + (- y)Y +(zp~2) .

Evaluation of the potential and its derivatives induced by the panel at the observation point can be quite
tedious (Hess and Smith [30], Holst [32], Katz and Plotkin [35]) but the results can be manipulated into
neat, Biot-Savart-type formulae.
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For the source panel, we obtain
1
_J‘;dS = (xo = Xy Mgy —uz )+ (xg — X )(wy, —up )+ (Yo =y, )(viy =iy ) +
R
+ (Yo =YV — vy )+ 2o(W)), — Wy + Wy, — Wy, )
0 1

_ s .8 s .8
—8x ;dS = Uy T Uy Uy —Up
0 r

a 1 s s S s
_a J-_dS = VTV Yy, oYy,
Yo ’ r

8 1 s s S 'S
_82 ;dS = W Wy Wy, W),
0
R

where
uy = In[r, = (3, - 3))]
vij. = ln[r,.j —(x, —xl.)]
s (xg =%, )Xo~ ¥;)
w,; = arctan
ZoFy
and

= \/(xo”xi)z"‘(J’o_yj)z"'Zg .

The normal velocity induced by a source panel has a jump discontinuity across the panel: if
X <Xy <Xy, Yy <¥yg<y, and z;, > 0%,

—i -‘-ldS — 2
dz, Jr

The tangential velocities and the potential itself are continuous across the panel.

For the doublet panel, similarly,




where

The

u = Zo(J’o_yj)
! [(xo—xl.)2+zg]l"lj
d Zy(xy — x;)

[(yo—y;) +2317;

(x=x)(3o—-v,) [ 2

d 0
w. = — 2 5 5 2 L}‘.. + —J i
Y (xg = X )° (¥, — yj') +2z, 5 ! i

potential of the doublet panel has a jump discontinuity across the panel: if

X, <Xy <Xy V; <Yy <Yy, and z, > 0%,

j—(?——(l)dS —> 2
R&z r

The velocity components are continuous.
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5. TRANSONIC WIND TUNNEL WALL INTERFERENCE

5.1 BACKGROUND

5.1.1 ScoPE AND OVERVIEW

Transonic wind tunnel corrections pose unique and difficult challenges. Because of their technical
importance, they have been the subject of active research since World War Il. The subject is vast; and
adequate treatment demands a separate treatise such as an update of Goethert [71]. Although much
progress has been made, significant effort is still needed to cope with current needs and issues, since
large gaps remain in our knowledge. Because significant developments have occurred since the last
AGARD review of this topic [67], an updated assessment is appropriate. Although not an exhaustive
survey, this chapter is intended to provide a current glimpse of some activities in transonic wall
interference. It contains different perspectives from Arnold Engineering Development Center (AEDC),
McDonnell Douglas, NASA Langley and Rockwell Science Center. It makes no attempt to discuss the
important area of experimental and instrumentation methods exemplified by the continuing challenges of
making accurate static pressure measurements near ventilated walls, and non-invasive optical
diagnostics for three-dimensional transonic wind tunnel flow mapping and visualisation. Rather, it
emphasises the related topics of wall simulation and correction prediction procedures. These are
especially difficult because of the nonlinearity of the flow as well as shock wave interactions with the walls
and their consequences for extrapolation from ground tests to flight.

As compared to low and moderz.e supersonic speeds, the corrections can be large. Except for weak
supercriticality (WS), which is defined by a high subsonic flow containing only small supersonic pockets,
compressible corrections based on the imaging, and superposition methodology such as panel methods
used extensively for low Mach number wind tunnel flows are not applicable since the flow is highly non-
linear with shocks. In the wind tunnel, WS implies that the far upstream and downstream regions are
subsonic, without non-linear mixed flow effects. WS frequently occurs over commercial transport aircraft
at cruise conditions. Because of such practicality, some of this chapter relates to this situation. In the
wind tunnel, WS is also associated with supersonic bubbles whose height is small compared to the wall
height. When these two dimensions are comparable, and the freestream is slightly subsonic, the flow has
been classified by Hornung and Stanewsky [85] as Group 1. Group 2 flows are also associated with
subsonic freestreams but with free field sonic bubbles penetrating the walls. Sonic Mach number and
choked flow are special subcases of Group 2 flows. Slightly supersonic freestreams are classified as
Group 3. We will be concerned with all three groups in this chapter. Adaptive walls in which the wind
tunnel walls or near-wall regions are configured to replicate free field conditions will be mentioned only in
passing, as these are discussed in Chapter 10.
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5.1.2 PREVIOUS LITERATURE AND CONFERENCES

Since Garner, ef al. [67] as well as Pindzola and Lo [151], a number of conferences and summary papers
dealing with wind tunnel wall interference have been published. Although much of this work was not
exclusively for the transonic flow regime (see the subsonic material discussed in the previous chapters
herein), many of the ideas and procedures are applicable to this speed range (albeit, frequently, with the
restriction of weak supercriticality and subsonic far fields).

Several conference proceedings devoted to wall interference are:
a) Wall Interference in Wind Tunnels; AGARD [3]
b) Wind Tunnel Wall Interference Assessment/Correction—1983; Newman and Barnwell, editors [139]

¢) Adaptive Wall Wind Tunnels and Wall Interference Correction Methods; Hornung and Stanewsky,
editors [85]

d) International Conference on Adaptive Wall Wind Tunnel Research and Wall Interference Correction;
He, editor [83]

e) Wall Interference, Support Interference, and Flow Field Measurements; AGARD [5]

In addition, since 1970, a nhumber of other AGARD Symposia and AIAA Meetings related to wind tunnel
and testing techniques, have included sessions devoted to wall interference. Noteworthy summary
papers in addition to those appearing in the previously cited conference proceedings are:

a) Two-Dimensiona! Transonic Testing Methods; Elsenaar